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Abstract 
Experimental Characterization and Molecular Dynamics Simulation of the 
Allosteric Transition in the Escherichia coli Lactose Repressor 
by 
JiaXu 
The lactose repressor protein (Lad), a prototypic negative transcriptional regulator 
in E. coli, relies on an allosteric conformational change for its function. Targeted 
molecular dynamics (TMD) simulation of this Lad transition predicts that residues 
located in/near the inducer binding pocket, especially D149 and S193, play a critical role 
in the early stage of this allosteric process. Single mutants at D149 and S193, 
characterized by a series of biochemical and biophysical experiments, present limited 
information about Lad allostery. In contrast, double mutants are much more informative: 
D149A/S193A exhibits wild-type properties, which exclude the requirement for 
inter-residue hydrogen bond formation in the allosteric response. However, 
D149C/S193C purified from cell extracts shows decreased sensitivity to inducer binding, 
while retaining wild-type binding affinities for both operator and inducer. By 
manipulating cysteine oxidation, the more reduced state of D149C/S193C responds to 
inducer more similarly to wild-type protein, whereas the more oxidized state displays 
diminished inducer sensitivity. D149C/S193C exhibits near wild-type binding parameters 
for operator DNA and inducer, with comparable rate constants for binding to IPTG and 
dissociation from operator DNA. These features of D149C/S193C indicate that the novel 
disulfide bond formed in this mutant impedes the allosteric transition, consistent with the 
role of this region predicted by TMD simulation. V150C/V192C displays wild-type 
binding properties, presumably due to its reduced state. Interestingly, S151C/V192C in a 
partially oxidized state displays wild-type DNA and IPTG binding affinities, and retains 
normal response to IPTG binding. These data suggest that mobility of the entire flexible 
loop (residues 149-156) may not be the crucial element for Lad allosteric regulation. 
Further, a molecular dynamics simulation method was used to probe the motions that are 
necessary for the conformational change in Lacl. The results of this simulation indicate 
that the backbone of residue 149 is the feature that may play a critical role in Lacl 
allosteric regulation. In summary, biochemical characterization and computational 
simulation of multiple Lacl mutants provide evidence for the functional roles of specific 
residues (and their interaction) and shed light on Lacl allostery. 
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Chapter 1 
Introduction 
1.1 Protein allostery 
All living organisms have to deal with environmental change, both internal and 
external. Once a signal is perceived from the environment, the ability to transmit this 
information within/between cells and respond appropriately is crucial for effective 
function and often for survival. Changes in gene expression are a common phenomenon 
in response to a wide range of environmental signals that can involve cascades of signal 
transduction to promote normal cellular function. 
Allosteric regulation is a major mechanism of control in many biological processes, 
including many forms of cell signaling (Goodey and Benkovic, 2008; Gunasekaran et al, 
2004; Tsai et al, 2009). Originally, allostery is derived from the Greek "other site," 
which refers to the phenomenon of separate sites on a protein - one the active site and 
another allosteric site. In the "textbook" context, protein allostery is varied function in 
two different structural states with effector molecules that modulate the equilibrium 
between these two states by binding to a site distinct from the active functional site. 
Usually, the allosteric transition is accompanied by conformational change within the 
protein. 
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Allosteric mechanisms are important because they enable regulation and introduce 
ways to accommodate to the external environment for all living organisms. Malfunction 
of an allosteric protein can result in serious diseases like cancer, neurodegenerative 
disease and many others (Nikolova et al, 2000; Peng et al, 2003; Muchowski and 
Wacher, 2005; Price et al, 1993). Although protein allostery comprises an essential 
mechanism in regulating signaling processes, the detailed atomic-level basis of allosteric 
regulation still remains elusive in most cases. Understanding the mechanism of protein 
allostery is crucial, since this information can ultimately help to design therapeutic 
approaches to control allostery or design molecular switches. 
1.2 The LacI/GalR family 
The LacI/GalR family consists of many repressors mat regulate the transcription of a 
wide range of biological processes in bacteria (Weickert and Adhya, 1992). The common 
feature of the LacI/GalR family members is that they utilize a similar allosteric 
mechanism to regulate the genetic transcription of specified, often related, genes. The 
proteins in this family contain common features that include a DNA binding domain with 
a helix-turn-helix motif and a core domain with an effector binding site (Weickert and 
Adhya, 1992; Schumacher et al, 1994, Acher and Bertrand, 2005). Binding to the 
effector molecule can result in either increase or decrease of DNA binding affinity, 
therefore either activation or repression of transcription of the genes regulated (Matthews 
and Nichols, 1998; Lin and Riggs, 1975; Weickert and Adhya, 1993; Choy et al, 1995; 
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Schumacher et al, 1994). The DNA binding domains of the LacI/GalR family have a 
high level of sequence homology, and conservation of the helix-turn-helix motif indicates 
that they bind operator DNA by a similar mechanism. Structurally, a unique feature of 
multiple members of LacI/GalR family is the requirement for binding to the minor 
groove of the DNA by the hinge helix (Bell and Lewis, 2000; Kalodimos et al, 2004), a 
critical step for the specific binding of the repressor protein to the DNA. Members of 
LacI/GalR family undergo a conformational change in response to effector binding that 
encompasses the N-terminal DNA binding domain, and the effectors can be both proteins 
and small molecules (Fujita et al, 1995; Meibom etal, 2000). 
1.3 Lactose repressor protein (Lad) as a model to study protein 
allostery 
Lactose repressor protein (LacI), a prototypic genetic regulatory protein, is a member 
of the LacI/GalR family and provides an excellent system for studying protein allostery. 
Since it was discovered in 1961 (Jacob and Monod, 1961), a wide array of biochemical, 
structural, and phenotypic information has become available for this system (Matthews 
and Nichols, 1998; Bell and Lewis, 2001; Suckow et al, 1996). Insight from the LacI 
system can contribute to elucidating principles that govern allosteric behavior in 
homologous protein families, including a subset of G-protein coupled receptors (Kroeze 
et al., 2003; Marinissen and Gutkind, 2001). 
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1.3.1 The lac operon 
The lac operon is required for the transport and metabolism of lactose in E. coli 
(Jacob and Monod, 1961). This operon is composed of three structural genes along with a 
promoter and an operator that control the transcription of those genes (Jacob and Monod, 
1961). The switch for transcription of the operon is lactose repressor protein (LacI), 
which is a product of the i-gene. In vivo, the primary food source for bacteria is glucose, 
but the ability to metabolize other sugars promotes survival. The lac operon is repressed 
in the absence of lactose in the environment, since the repressor protein binds to the lac 
operator and prevents transcription (Gilbert and Muller-Hill, 1966; Gilbert and Maxam, 
1973). However, in the case of no available glucose, E. coli will utilize an alternative 
carbon source like lactose. Lactose is transported into cells and metabolized via 
tranglucosylation into allolactose, which serves as the natural inducer for LacI (Jobe and 
Bourgeois, 1972). In the presence of allolactose, a conformational change is elicited, and 
LacI dissociates from the operator, relieving negative regulation and allowing RNA 
polymerase to bind the promoter and transcribe the structural genes (Barkley et al., 1975; 
Riggs et al., 1968) (Figure 1.1). 
In addition, transcription of the operon is positively activated by a cyclic 
AMP-dependent catabolite gene regulator protein (CAP), whose binding site is located 
upstream of the lac promoter (Emmer et al., 1970). In the absence of glucose, the level of 
cAMP increases due to the influence of glucose on adenyl cyclase, and cAMP binds to 
CAP. Under this condition, CAP affinity for its binding site increases significantly, and 
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complex formation activates transcription of the lac operon by allowing RNA polymerase 
to bind to the promoter sequence (Zubay et ah, 1970). Thus, glucose must be absent and 
lactose present for high level expression of the lac operon genes. 
£+ o 
/ 
RNApbl 
i i 
Repressor 
Recognition 
r^W Reassociation 
^ 
Ternary complex 
formation 
Induction 
LaczyarnRNA 
Figure 1.1: Schematic of the lac operon. When Lad binds to its specific operator, 
transcription of downstream lac proteins is prevented. Inducer binding causes 
diminished affinity for operator, then lac zya mRNA is synthesized. After depletion of 
inducer, LacI returns to the structure favored for operator binding. 
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The structural genes for which transcription is regulated by Lad are lacZ, lacY and 
lacA, which code for P-galactosidase, lac permease and thiogalactoside transacetylase, 
respectively (Miller and Record, 1970). p-Galactosidase hydrolyzes lactose into glucose 
and galactose, the first step of lactose metabolism; lac permease transports lactose across 
the plasma membrane from the culture medium into the interior of the cell; and 
transacetylase transfers an acetyl group from coenzyme A to a hydroxyl group of 
galactosides. When lactose is the primary carbon source in the medium, the repressor is 
induced, and the three structural genes that are necessary for lactose utilization are 
transcribed. 
The operator of the lac operon is located between the promoter and the beginning the 
lacZ gene. The minimal operator required for specific binding is ~ 20 base pairs (Gilbert 
and Maxam, 1973; Bahl et ah, 1977). The operator is pseudosymmetric with a central 
GC base pair (Figure 1.2). Although the natural operator binds repressor protein with a 
very high affinity (Riggs et al, 1970a), me importance of symmetric contact is disclosed 
by constructing a completely symmetric operator (Figure 1.2) (Sadler et al, 1983). The 
Osym sequence binds ~ 10-fold more tightly to the repressor than the natural operator 
(Sadler et al, 1983). In addition to the natural primary operator O1, the lac operon of E. 
coli has two short similar sequences, O2 and O3 (Gilbert and Maxam, 1973; Gilbert et al., 
1975; Reznikoff et al, 1974), which engage Lad in forming looped DNA structures to 
achieve optimal repression (Miiller et al, 1996; Choy et al, 1995; Friedman et al, 1995). 
O2 is located at 401 bp downstream of the primary operator O1, and O3 is at 92 bp 
upstream of O1 (Reznikoff et al., 1974; Pfahl et al, 1979; Chakerian and Matthews, 
1992). The lac repressor tetramer can bind two operators so that the DNA must bend to 
form a loop (Eismann et al, 1987; Lehming et al, 1990; Flashner and Gralla, 1988). The 
distance between operators is especially important in this loop formation since it is 
related to the repression performance of the lac operon (Miiller et al, 1996; Whitson and 
Matthews, 1986; Kramer et al, 1988). 
Promoter-proximal Promoter-distal 
half-site 1 half-site 
Oi 
Oym 
AC^CACACCTTAM»CTra C Cf^R^fgl lAGTGIGTCG 
3 ' l 5 10 ' 1 , 5 20 5 ' 
TG1TGTGTGGGAATTGTGAGC GCTCACAATTTCACACAGG 
ACAACACACCCTTAACACTCG CGAGTCTTAAAGTGTGTCC 
Figure 1.2: The 40-base pair operator sequences for the natural operator O1 and a 
symmetric operator Osym are shown. The half-sites are labeled above the O1 
sequence, and the point of symmetry is labeled by the arrow. The central 20 base pair 
segment is required for operator binding to the repressor. The figure is adapted from 
Falcon and Matthews, 2000. 
As indicated above, the natural inducer of the repressor protein is a metabolite of 
lactose produced by a side reaction of P-galactosidase: allolactose (Figure 1.3) (Jobe and 
Bourgeois, 1972; Barkley et al., 1975). However, most studies that involve inducer 
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binding utilize isopropyl-P,D-tbiogalactoside (IPTG) (Jacob and Monod, 1961), which is 
not substrate of P-galactosidase but serves as an efficient inducer for the repressor protein 
(Figure 1.3). Inducer sugars as well as anti-inducer sugars can alter the equilibrium 
between the induced and repressed states. When the inducer binds to the repressor, the 
affinity between the repressor and the operator is diminished dramatically (> 1000-fold), 
allowing the expression of structural genes; in contrast, anti-inducer binds to the 
repressor and performs the opposite function, stabilizing the repressor-operator complex. 
The most potent anti-inducer is o-nitrophenyl-p-D-fucoside (ONPF), which increases the 
affinity of the repressor for the operator by ~3-fold (Figure 1.3) (Jobe and Bourgeois, 
1973; Riggsef al., 1970b). 
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CH2OH 
HO 
Allolactose 
IPTG 
CH2OH CH3 
•o I 
HO A \ S - C H C H 3 
ONPF NOZ 
Figure 1.3: Chemical structures of effector molecules. The natural inducer 
allolactose, a gratuitous inducer IPTG and an anti-inducer ONPF of the lac repressor. 
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1.3.2 Structure of lactose repressor protein 
Lactose repressor protein (Lad) is a homotetramer, which is assembled as "a dimer of 
dimers" (Riggs and Bourgeois, 1968). Each monomer consists of 360 amino acids with a 
molecular weight of 37.5 kDa (Beyreuther et ai, 1973; Farabaugh, 1978; Bourgeois and 
Pfahl, 1976). Protease digestion was used to reveal die initial views of Lad structure 
(Geisler and Weber, 1977); die digested fragments include an N-terminal DNA binding 
domain (-60 amino acids) and C-terminal tetrameric core domain that binds inducers. 
The region between these two segments is referred to as a hinge region, since it is very 
susceptible to proteolytic cleavage. However, die detailed tiiree dimensional structure of 
Lad still remained elusive until NMR and crystallization studies successfully identified 
its architecture (Kaptein et ai, 1985; Harrison, 1991; Friedman et ai, 1995; Lewis et ai, 
1996; Bell and Lewis, 2000). Generally, the structure of Lad can be divided into four 
major parts (Figure 1.4): N-terminal DNA binding domain (amino acids 1-50); die hinge 
helix (amino acids 50-60); core domain (amino acids 51-330), which is composed of 
N-subdomain and G-subdomain with inducer-binding site located in between; and die 
leucine heptad repeat tetramerization domain (amino acids 331-360) at the C-terminus. 
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DNA binding 
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Figure 1.4: Lad tetramer structure. This structure is modified from PDB file llbg 
(Lewis et al, 1996). In the left dimer, different colors show the three main parts of Lad 
(red, DNA binding domain; cyan, core domain; green, tetramerization domain); two 
monomers are displayed in distinct colors (blue, gray) in the right dimer. Operator DNA 
is shown in gray. Hinge helix and inducer binding site are indicated by arrows. The 
hinge helix connects the DNA-binding domain and core domain, and the inducer 
binding site is located between the N-subdomain and C-subdomain within the core 
domain. 
The N-terminal operator-binding domain (sometimes called "the headpiece") that 
consists of a helix-turn-helix motif is responsible for interacting with the operator 
(Geisler and Weber, 1977; Dunaway and Matthews, 1980). The hinge helix is a 
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polypeptide chain that connects the N-terminal DNA binding domain and the core 
domain. In the presence of operator DNA, this region is ordered and forms an a-helix to 
make a specific interaction with the operator. In the absence of operator, the hinge region 
is disordered so that the DNA-binding domain is quite flexible (Bell and Lewis, 2000; 
Kalodimos etai, 2004). The N-terminal DNA binding domain forms specific interactions 
with operator bases in the major groove as well as electrostatic interaction with the 
phosphate backbone (Figure 1.5). In addition, the hinge helix inserts into the minor grove 
to generate a 40° bend (Figure 1.5), distorting the conformation of the operator (Bell and 
Lewis, 2000; Bell and Lewis, 2001; Spronk et al, 1996). Therefore, the specific binding 
between Lad and its operator DNA includes reorganizing both the major and minor 
grooves of DNA. 
Figure 1.5: Lad-operator DNA complex. Residues 1-68 are shown in grey and the 
operators in pink. (A) Binding of repressor to the symmetric operator (Osym) (lefa, Bell and 
Lewis, 2000). (B) Binding of repressor to the natural operator (O1) (ljwl, Bell and Lewis, 
2001). The two headpieces interact with the operator in the major groove, whereas the hinge 
helices insert into the minor groove of the DNA, causing the bend of operator DNA. 
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The core domain of the repressor protein is composed of two parts: N-subdomain and 
C-subdomain. Each subdomain contains a parallel P-sheet composed of six strands 
sandwiched between four a-helices (Lewis et al, 1996). The inducer binding site is 
located between these two subdomains. The core domain of Lad is structurally 
homologous with the venus fly-trap (VFT) family that includes bacterial periplasmic 
binding proteins (PBPs) involved in transport (Sams et al, 1983; Muller-Hill, 1983) and 
the extracellular domain of G-protein coupled receptors (GPCRs) as well as other 
receptors that transduce extracellular stimuli into intracellular signals and exhibit 
subdomain movements associated with function (Figure 1.6) (Newcomer et al, 1981; 
Quiocho and Vyas, 1984; Felder et al, 1999; Quiocho and Ledvina, 1996; Acher and 
Bertrand, 2005). There is substantial distance (-40 A) between the DNA-binding site and 
the inducer-binding site so that, during the allosteric response, the signal generated at the 
inducer-binding site has to be transmitted from the center of the core domain, pass 
through N-subdomain and hinge helix, to finally reach the N-terminal DNA-binding site. 
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Figure 1.6: Comparison of the structures of different proteins. (A) The ribose binding protein 
with the bound ribose molecule (2dri, Mowbray and Cole, 1992) (B) A monomer from the dimer 
PurR-DNA-hypoxanthine complex (lpnr, Schumacher et at., 1994). (C) Lad monomer from lefa 
(Bell and Lewis, 2000) and monomer from llbh (Lewis et al., 1996) were aligned using residues 
in the core C-subdomain. Ligands bound to each monomer are shown in stick representation. 
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Although inducer IPTG and anti-inducer ONPF bind to the same site of the repressor, 
IPTG decreases binding affinity of the repressor to the operator, whereas ONPF displays 
the opposite property (Bell and Lewis, 2000). Figure 1.7 shows the crystal structures of 
repressor associated with IPTG and ONPF. The inducer IPTG forms hydrogen bonds with 
side chains of residues D149, R197, N246 and D274 as well as van der Waals interactions 
with several hydrophobic amino acids. The anti-inducer ONPF binds to the same pocket 
with a different conformation and forms direct hydrogen bonds with side chains of L148, 
R197, N246 and D274. The galactose ring of IPTG and the fucose ring of ONPF bind 
quite differently to die repressor (Figure 1.7). In contrast to IPTG, binding to ONPF shifts 
the equilibrium in favor of operator binding and prevents the repressor adopting the 
induced conformation. 
The final Lad structural domain is comprised by the C-terminal helices, which are 
essential for the association to tetramer (Brenowitz et ai, 1991; Chakerian et ai, 1991). 
Each monomer contributes one helix to form a four-helix bundle that significantly 
stabilizes the tetramer (Friedman et ai, 1995; Lewis et ai, 1996; Barry and Matthews, 
1999). Mutations at this region usually result in dimers, but phenotypic and biochemical 
analyses demonstrated that the dimer is able to bind operator DNA, as later indicated by 
the structures (Oehler etal, 1990; Brenowitz et ai, 1991; Chen and Matthews, 1992). 
Dimer is sufficient to exhibit both operator- and inducer-binding properties, so that Lad 
tetramer is commonly described as "a dimer of dimers" (see Figure 1.4). 
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Figure 1.7: The binding of effector to the repressor. (A) Lad structures are shown in the 
presence in the inducer IPTG (llbh, Lewis et al, 1996) and (B) anti-inducer ONPF (lefa, Bell 
and Lewis, 2000). IPTG and ONPF molecules as well as the residues that have interactions are 
highlighted in stick representation. 
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1.4 Current knowledge of Lad allostery 
Functionally, there are two distinct conformations of the lac repressor that correspond 
to the DNA-bound and inducer-bound states. The repressor adopts one conformation over 
the other by transmitting the signal of inducer binding between DNA- and 
inducer-binding domains (Figure 1.8A and B). The three-dimensional structures of the 
core domain and full-length Lad in both operator- and IPTG- bound conformations 
provide the basis for studying the structural equilibrium between these two states at the 
atomic level (Friedman et al, 1995; Lewis et al, 1996; Bell and Lewis, 2000). By 
comparing the structures in different conformations, the shift in Lad structure between 
operator- and inducer-bound states requires both rotation and translation of the 
N-subdomain within the core domain (Figure 1.8C). 
Thus far, a number of amino acids that appear to contribute to the allosteric response 
have been explored (Barry and Matthews, 1999; Falcon and Matthews, 1999; Falcon and 
Matthews, 2001; Nichols and Matthews, 1997; Swint-Kruse et al, 2003). For example, 
by directly comparing the inducer- and operator-bound conformations, the side chains of 
H74 and D278 form an ion pair between monomers in the inducer-bound structure of 
Lad (Lewis et al, 1996; Bell and Lewis, 2000). When the repressor is bound to the 
operator, the ion pair is broken, and these residues become solvent exposed. Therefore, 
this ion pair was hypothesized to play an important role in the allosteric transition (Lewis 
et al., 1996). However, substitutions for these two side chains show that the ion pair is 
not as important as predicted by the structure, whereas individual alterations of either 
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H74 or D278 contribute substantially to LacI allosteric behavior (Barry and Matthews, 
1999). 
DNA binding 
domain 
t^m ••pjp1*1 Tetramerization domain 
Figure 1.8: Crystal structures of the repressor in different conformations. (A) 
OsymONPFLacI structure (lefa, Bell and Lewis, 2000). (B) IPTGLacI structure (llbh, Lewis 
et ai, 1996). (C) Monomer from lefa and monomer from llbh were aligned using residues in 
the core C-subdomain. Note the changes in the N-subdomains. 
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The hinge region connecting the N-terminal DNA-binding region and core 
inducer-binding domain has also been studied (Falcon and Matthews, 1999), since the 
allosteric signal must be transmitted through though this region to reach the 
DNA-binding domain. Because the hinge region of Lad is critical to DNA binding and is 
folded when Lad is bound to DNA, additional glycines were added to increase the 
flexibility of this region. Where Q60G increased affinity for operator binding, addition of 
more glycines progressively decreased the affinity of Lad (Falcon and Matthews, 1999). 
However, inducer-binding affinity and the allosteric response to IPTG binding were 
unaffected for these mutants. This glycine insertion affects the interaction between the 
DNA-binding domain and the N-subdomain of the core, an interaction that appears 
critical to stabilize the operator-bound conformation. The conformational change induced 
by IPTG binding may act in the same fashion: as a consequence of structural changes 
elicited by IPTG binding, the network between the DNA-binding domain and 
N-subdomain is disrupted, resulting in diminished DNA binding affinity. 
Another mutant, V52C, was generated to examine the role of hinge region in both 
DNA recognition and allosteric response (Falcon and Matthews, 1997 & 2001). In this 
mutant, a disulfide bond was introduced between the two N-terminal binding domains. 
From the crystallographic structure of Lad dimer (Lewis et al, 1996), this position is the 
closest point between me two monomers within one dimer (Figure 1.9). The a-carbon for 
Val52 in each dimer of the Lad protein is separated by 5.76A, which is optimal to form a 
disulfide bond between the side chains. The experimental results showed that both 
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reduced and oxidized forms of V52C had comparable inducer affinity to that for 
wild-type Lad, whereas reduced-V52C bound operator DNA with slightly increased 
affinity, and oxidized V52C had a 6-fold higher operator binding affinity than wild-type. 
Most interestingly, oxidized V52C binding to DNA was unaffected by inducer, 
demonstrating the disrupted allosteric linkage between operator and inducer binding. 
Thus, the flexibility of the hinge region is crucial for Lad allosteric regulation. 
Figure 1.9: DNA binding domain and hinge helix of Lad. (A) Lad dimer crystal 
structure (PDB file ljwl) (Bell and Lewis, 2001). (B) A close view of the 
helix-turn-helix DNA binding domain and hinge helix. The backbone positions of 
Val52 are highlighted by magenta sphere. 
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This type of "clamp" demonstrated by V52C can also be generated by other types of 
interactions. Hydrophobic interactions that stabilize hinge-hinge association can also 
impede allosteric response, as observed for V52A (Zhan et al, 2006). K84 is neither 
close to the DNA-binding site nor to the inducer-binding site; instead, this residue is 
located in the monomer-monomer interface of the core N-subdomain. Nonetheless, 
substitution by leucine at this site affects both ligand-binding properties (Chang et al, 
1993). More interestingly, K84L shows a significantly increased stability compared to 
wild-type Lad (Nichols and Matthews, 1997). Similar behavior was found for K84A, 
except mat wild-type operator affinity was observed along with impeded conformational 
shift. From crystal structures, the monomer-monomer interfaces of the core domain are 
different in DNA- and IPTG-bound Lad conformations (Lewis et al, 1996). Fortunately, 
the crystal structure of K84L/-11 has been solved (Bell et al, 2001). This structure helps 
explain why K84L has such different properties: the N-subdomain in K84L undergoes 
rearrangement, resulting in leucine buried in the monomer-monomer interface (Figure 
1.10). Correspondingly, other interactions in this region also change, forming a much 
more stable mutant dimer that resists the allosteric effects of IPTG 
native dimer interface K84L dimer interface 
Figure 1.10: The interaction at the monomer-monomer interface formed by 
N-subdomain. Hydrogen bonds are drawn as dashed lines. Notice that difference in bending 
of the p-sheet. In K84L, the side chain of L84 is buried inside the interface, whereas side 
chain of K84 is more solvent exposed in wild-type Lad in the presence of IPTG (llbh, 
Lewis et al., 1996; ljye, Bell et al, 2001). The ability to move to the latter form is impeded 
by the K84L substitutions. Figures are from Bell et al., 2001. 
Residues at the dimer interface can also play a role in altering the equilibrium 
between operator- and inducer-bound conformations. Substitutions at residue 110 shift 
this equilibrium: Al 10T displays a higher affinity for inducer and lower affinity for 
operator, whereas A110K exhibits the exact opposite behavior (Muller-Hartmann and 
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Miiller-Hill, 1996). The experimental results demonstrate that changing a single amino 
acid close to neither the DNA binding domain nor the inducer binding site can affect the 
equilibrium of two different conformations, which in turn influences the ligand binding 
affinities. 
1.5 TMD simulations 
As shown, the crystal structures for DNA-bound Lad (Bell and Lewis, 2000) and 
IPTG-bound conformation (Lewis et al, 1996) exhibit clear differences in structure, 
especially in the N-subdomain of the core domain and the hinge helix. However, the 
X-ray structures just provide the static endpoints of the conformational change, but the 
detailed allosteric process or mechanism remains a mystery. In 2003, a computational 
method—Targeted Molecular Dynamics (TMD) simulation—was utilized to simulate the 
allosteric pathway in Lad (Flynn et al., 2003). The advantage of this method is that it 
enables assessment of shift from one structure to the other, so that the progressive 
conformational change can be studied (Schlitter et al, 1994; Ma et al, 2000). Also, TMD 
is significantly faster than traditional molecular dynamics simulation, so that large 
systems can be explored using this approach (Ma and Karplus, 1997; Ma et al, 2002). 
From TMD simulation, the allosteric conformational transition of Lad can be divided 
into three interconnected pathways (Flynn et al., 2003). Pathway 1 begins at the inducer 
binding pocket in the "trigger" monomer which undergoes initial changes. Either 
monomer within the dimer can serve this role. The signal then is transmitted through the 
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N-subdomain to the monomer-monomer interface. Interestingly, this pathway only occurs 
in the trigger monomer, so the entire allosteric transition is asymmetric in this homodimer. 
The second pathway involves the interactions between two monomers in the 
monomer-monomer interface, whereas pathway 3 extends from the back of the inducer 
binding pocket and crosses the region between N-subdomain and C-subdomain (Figure 
1.11). 
Figure 1.11: Allosteric pathway of Lad in response to inducer binding from TMD 
simulation. Both of the dimeric structures are derived from PDB file lefa (dimeric 
LacIOsymONPF) (Bell and Lewis, 2000). (A) Allosteric pathway of Lad in response to 
inducer binding from TMD simulation. The trigger monomer is gold, the response monomer 
is black. The DNA binding domain is not included in the TMD simulation, because in the 
IPTG-bound structure the region is not resolved, but TMD requires identical atoms in me 
starting point and ending point structures. The three pathways predicted by TMD simulation 
are marked. Pathway 1: long dash; pathway 2: solid arrow; and pathway 3: dotted arrow. 
Part of a flexible loop that includes residues 148 to 151 is highlighted by a dotted circle. (B) 
Lad structure with regions of interest. One monomer is gold, the other is black, and regions 
identified for study are highlighted by circles. 
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1.5.1 Exploring the role of D149/S193 
The prediction from TMD for the Lad allosteric response is quite consistent with 
previous biochemical and biophysical experimental results (Nichols and Matthews, 1997; 
Barry and Matthews, 1999; Chang et al, 1994). The importance of TMD is that it 
provides directions for experiments based on which residues are crucial to the pathway in 
the simulation. Interestingly, the region around D149 is the initial place undergoing 
change during the TMD simulation, especially hydrogen bond formation between the side 
chains of D149 and SI93 (Flynn et al, 2003). D149 is located in a flexible loop (amino 
acids 149-156), and this relative flexibility may enable the side chain of D149 move ~4A, 
finally interacting with S193. D149 interacts directly with IPTG, but S193 does not, 
indicating D149 may be the trigger residue in response to IPTG binding that begins the 
allosteric signal by altering its noncovalent interaction to the next layer of residues. The 
role of D149 and the hydrogen bond between D149 and S193 will be examined in this 
research. 
The flexible loop that encompasses amino acids 149-156 may be critical in the 
allosteric response. Two mutations that flank D149 have been examined in this region: 
L148F and S151P (Swint-Kruse et al, 2003). These two mutations look like an 
"opposite" pair, because L148F exhibits lowered affinity for operator and increased 
affinity for IPTG, whereas S15 IP has enhanced operator binding and diminished IPTG 
binding affinity. These results indicate further that these residues and perhaps other amino 
acids in this flexible loop may contribute to allosteric regulation. Among the amino acids 
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in this region, VI50 is the homologue to W147 in PurR - another member of the 
LacI/GalR family. PurR is a dimer with structure similar to Lad, consisting of an 
N-terminal DNA binding domain (residues 1-60) and a C-terminal corepressor binding 
domain (residues 61-341). W147 has been demonstrated to display a key role in the 
allosteric response of PurR (Huffman et al., 2002). In the apoprotein, the side chain of 
W147 is found in the corepressor binding pocket. In the present of corepressor, W147 
moves out the pocket and interacts with other residues to stabilize the conformation. 
Further, W147 is one of a subset of amino acids 146-154, which is termed the "allosteric 
switch loop" in PurR. Biochemical and biophysical studies demonstrate that mutations at 
position 147 (W147F, W147A, and W147R) significantly affect PurR in vivo repression 
activity and in vitro corepressor binding (Huffman et al., 2002), 
1.5.2 Exploring the role of the "core pivot" 
A set of amino acids with hydrophobic side chains in a region termed the "core pivot" 
region appears to assemble as a hydrophobic cluster, forming a sort of "ball bearing". 
These residues include F161, F293, L295, L296, L319, P320 and V321. Among them, 
P320A has been explored by Swint-Kruse et al. (2003), showing that DNA binding is 
~4-fold tighter than wild-type, whereas IPTG binding is unaffected. Actually, the change 
in the side chain of P to A may influence backbone constraints of the flexible loop and 
lower the energy barrier to the conformational shift in response to inducer. Also, the 
substitution may affect interactions that P320 has with other hydrophobic residues in the 
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"ball bearing." However, in some of the homologous monomelic periplasmic binding 
proteins, integral water in this region appears to serve as structural "ball-bearing" in the 
allosteric response (Magnusson et al., 2002; Mowbray et ah, 1999). For example, in the 
closed ligand-bound ribose-binding protein (RBP), amino acids in the analogous region 
make hydrogen bonds with both other residues and water molecules. The remaining water 
in the region appears to act as a "ball bearing", thus the linkage can rotate freely during 
the structural shift. In Lad, due to a different protein structure, it is hypothesized that the 
structural "ball bearing" may be the hydrophobic cluster in the core pivot instead of water 
molecules. In order to determine the role of the flexible loop and hydrophobic cluster in 
Lad allostery, detailed biochemical and biophysical characterization of site-directed 
mutants will be undertaken. 
1.6 Objectives 
1.6.1 Experimental characterization 
In order to understand the atomic-level allosteric regulation in Lad, a number of 
biochemical and biophysical examinations were carried out in this thesis. Based on TMD 
simulation, the region around D149/S193 and the flexible loop are of most interest. In the 
laboratory, the main strategy to explore the function of potential critical amino acids for 
allostery employs site-specific mutagenesis. In Chapter 3, a series of single mutants at 
D149 and S193 are generated, and the substituted proteins are used to examine the effects 
of different amino acid side chains on function. These substitutions examine alterations in 
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electrostatics, polarity, size, hydrogen-bonding capacity, and hydrophobic character. 
Chapter 4 describes the impact of two double mutants, D149A/S193A and D149C/S193C. 
D149A/S193Ais designed to explore the importance of hydrogen bond formation by 
precluding this side-chain contribution at these positions; the double-cysteine mutant 
D149C/S193C is designed to constrain movement with a disulfide bond. Chapter 5 
involves exploration of three additional double-cysteine mutants: V150C/V192C, 
S151C/V192C and N125C/D149C. The first two mutants are utilized to validate the 
importance of flexibility in the D149/S193 region since these adjacent paired residues 
that have potential to form disulfide bonds were selected to limit motional flexibility. The 
N125C/D149C double mutant was generated to allow introduction of a disulfide bond 
since interaction between D149 and N125 was hypothesized to contribute to the Lad 
allosteric signal transition. In Appendix I, several single mutants at F161 are created and 
their ligand binding properties examined. 
1.6.2 Computational simulation 
In addition to the experimental characterization, a molecular dynamics simulation -
stochastic boundary molecular dynamics (SBMD) - was carried out (Brooks and Karplus, 
1983) to expand our understanding of the mechanism of lac repressor allostery, especially 
in the D149/S193 region (Chapter 6). The goal of the method is to eliminate atoms distant 
from an active site, allowing detailed studies of a spatially localized portion of the 
reacting molecular system. 
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SBMD simulation requires the partition of a localized region of interest, with addition 
of a sphere of water molecules (Brooks and Karplus, 1983; Brooks and Karplus, 1989). 
The sphere then is divided into two regions: an inner reaction region and an outer buffer 
region. In the reaction region, molecular dynamics simulation utilizes the conventional 
method with Newton's equation of motion. However, in the buffer region, the molecules 
are treated with the use of Langevin dynamics. Further, this method keeps the water 
molecules in the buffer region as a heat bath, which maintains the entire system at 
thermal equilibrium. A boundary force is applied on the water molecules to prevent them 
escaping the sphere during the simulation. In the thesis, we focused on D149/S193 region 
that was suggested to be involved in the allosteric change by TMD simulation and 
experimental data. The objective of this simulation work is to provide a dynamic 
description and explore the mechanism of the allosteric signal transition in Lad. 
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Chapter 2 
Materials and Methods 
2.1 Generation of mutant repressors 
Point mutations in Lad were produced on plasmid pJCl (Chen and Matthews, 1992) 
with QuickChange PCR site-directed mutagenesis kit (Stratagene) using oligonucleotides 
(Invitrogen) containing the desired mutation. The PCR product was digested with Dpnl 
and transformed into XL 1-blue competent cells for growth and purification. Plasmid 
DNA was purified with a Qiagen miniprep kit. Full sequencing (SeqWright) of each 
mutant plasmid verified the presence of only the expected mutation. 
2.2 Protein expression and purification 
Proteins were expressed using E. coli strain BLIM cells (Wycuff and Matthews, 
2000). Cells transformed with a specific plasmid were grown in 2 x YT liquid media in a 
shaking incubator at 37 °C for ~20 hours. All growths contained ampicillin at a final 
concentration of 50 ug/ml. The cells were harvested by centrifugation and resuspended in 
breaking buffer (0.2 M Tris-HCl, pH 7.6,0.2 M KC1,0.01 M Mg acetate, 5% glucose, 0.3 
mM DTT and 0.3 uM PMSF) containing lysozyme (0.5 mg/ml) before freezing (-20 °C). 
Purification of proteins was initiated by thawing the frozen cells slowly and treating 
with 80 ul of 10 mg/ml DNasel and MgC^ (final concentration of 10 mM). Following 
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centrifiigation, the supernatant was mixed with ammonium sulfate to final 37% saturation 
and incubated at 4 °C for 0.5-1 hr. The pellet was collected after centrifiigation and 
resuspended and dialyzed overnight at 4 °C against 0.09 M KP buffer (0.09 M potassium 
phosphate, pH 7.6,0.3 mM DTT, and 5% glucose). After removing any precipitate by 
centrifiigation, the supernatant was loaded onto a phosphocellulose column equilibrated 
in 0.09 M KP buffer and eluted with a gradient from 0.12-0.30 M KP buffer (0.12-0.30 M 
potassium phosphate, pH 7.6,0.3 mM DTT, and 5% glucose). Fractions containing lac 
proteins were confirmed by SDS-PAGE, and protein concentrations were determined by 
absorbance at 280 nm (e = 1.67 cm^M"1). Protein purity was assessed by using 
SDS-PAGE and was > 90%. 
2.3 Operator binding and release assays 
2.3.1 Operator DNA labeling 
The sense and antisense strands of the 40-bp natural operator O1 (5' -
TGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGG - 3') (Biosource) 
were annealed and labeled at the 5' end with [32P] (MP Biomedicals) by polynucleotide 
kinase reaction. A Nick column (Amershan Biosciences) was used to purify the labeled 
40 base pair operator from the free nucleotide. Labeled DNA was divided into aliquots 
and stored at-20 °C. 
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2.3.2 Operator binding assay 
DNA binding experiments were performed by nitrocellulose filter binding assay 
(Riggs et ai, 1968; O'Gorman et ah, 1980) using a 96-well dot blot apparatus (Wang and 
Lohman, 1993) (Figure 2.1). This assay was carried out at room temperature in FB buffer 
(0.01 MTris-HCl, pH7.4,0.15 M KG1,0.1 mM DTT, 0.1 mMEDTA, and5% DMSO) 
with 100 ug/mL of bovine serum albumin. Protein at various dilutions (1 x 10"13 to 5 x 
10"9M) was mixed with 32P-labeled DNA (-1.5 x 10"12M). Non-specific binding for lac 
repressor proteins was determined in the presence of 1 mM IPTG Reaction mixtures 
were allowed to incubate for -20 min and then filtered through nitrocellulose (Schleicher 
and Schuell). The filter paper was exposed to a Fuji phosphorimaging plate overnight and 
read by a Fuji phosphorimager. The radioactivity was quantified and analyzed with Igor 
Pro (Wavemetrics) to determine the binding affinity with the following equation: 
„ ' , [Lacl]n . 
^obs=ymax(„n^ rT T1„) + c (Equation 2.1) 
Kd +[LacI] 
where Fobs is the observed level of retained radioactivity at a given protein concentration, 
ymax is the level of radioactivity measured when 100% of DNA was complexed with 
repressor, c is the background radioactivity detected when no repressor was present, and 
Kd is the equilibrium dissociation constant. The value of the Hill coefficient, n, is 
generally ~1 for Lad. 
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Figure 2.1: Schematic of the operator binding assay. Labeled operator DNA and protein 
mixtures are filtered through a nitrocellulose membrane. Free operator will pass through, 
whereas the protein-DNA complex mixture and protein only will be retained on the 
membrane. After exposure to an imaging plate overnight, labeled operator associated with 
protein can be detected by phosphorimaging. The intensity of the radiolabeling signal can be 
plotted against log[protein]. Under conditions where [DNA]«ATd, the protein concentration 
at 50% bound operator DNA corresponds to the apparent dissociation constant K4. 
Protein 8888 
8888 
* 
Labeled 
_J>NA 
— - * & • 
—-m* 
incubate and filter 
through ISfG membrane 
r^r^ r~§~ £ f^ 
NGmembrane 
Expose overnight 
I Scan with Fuji-
j . imager 
* ?/ ,?? 
»fV?f»«f* 
Protein concentration 
Analyze data with Igor 
-1U0 - M l 
LogfProtein] 
36 
2.3.3 Operator release assay 
The operator release assay measures the effect of inducer sugar on DNA binding 
affinity using the nitrocellulose filter binding assay (Falcon and Matthews, 1999; 
Swint-Kruse etal, 2003) (Figure 2.2). The concentration of DNA was at least 10-fold 
below the ^a obtained from the operator binding assay (~10~12 M), and the concentration 
of protein was set to -80% of maximal DNA binding for the specific repressor protein. 
IPTG ranging from 10"8 to 10"3 M was added following mixture of the protein and labeled 
operator DNA in FB buffer with 100 ug/mL of bovine serum albumin. After incubation 
for ~30 min, nitrocellulose filter binding was used to monitor the decreased level of DNA 
bound in the presence of inducer. Data were analyzed by Igor Pro using the following 
equation: 
[IPTG]n 
Y*. = V - C r -
 [ r F r G ] m W " -KIPTG]") + C (Equation2.2) 
In this case, K& is described as [IPTG] mid, corresponding to the concentration of IPTG 
required to release 50% of the protein-DNA complex. y0bs is the measured radioactivity at 
a specific inducer concentration; Ymax is the maximum radioactivity differential observed, 
and c is the background radioactivity. 
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Figure 2.2: Schematic of the operator release assay. Labeled operator DNA and protein 
first form operator-protein complexes, followed by incubating with varied concentrations 
of inducer IPTG The mixtures are filtered through a nitrocellulose membrane after ~ 30 
min incubation. Free operator will pass through, whereas protein-DNA complex will be 
retained on the membrane. After exposure to a phosphorimaging plate overnight, labeled 
operator that remains associated with protein will be detected by phosphorimaging. The 
intensity of the radiolabel signal can be plotted against log[IPTG]. Under conditions 
where [DNA]«^Td, the IPTG concentration at 50% of DNA release from operator-protein 
complex corresponds to [IPTGlmid. 
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2.4 Inducer binding assays 
2.4.1 Fluorescence titration 
Inducer binding affinity for wild-type and mutant proteins was monitored by change 
in fluorescence emission intensity with IPTG concentration variations (Laiken et al., 
1972). Tryptophan fluorescence is dominated by W220, which is located near the inducer 
binding pocket. The environmental change of W220 accompanies IPTG binding, 
resulting in a shift of the wavelength of maximum emission. 
The fluorescence titration was monitored within a 1-cm2 quartz cuvette at room 
temperature. Protein concentration was fixed at -1.5 xlO"7M monomer in fluorescence 
buffer containing 0.01 M Tris-HCl, 0.15 M KC1, pH 7.4, and IPTG concentration was in 
the range of 1 x 10"8 to 1 x 10"3 M. The experiment was performed on a SLM-Aminco 
AB2 spectrofluorometer with an excitation wavelength of 285 nm. The emission spectra 
were recorded between 300 and 380 nm. An identical titration using buffer instead of 
inducer was performed for each experiment to correct for effects of photobleaching and 
dilution (O'Gorman et al., 1980). The binding affinity for the protein was determined by 
fitting the data in Igor Pro using equation 2.3, 
[IPTG]" 
yobs - ymax - (ymax „ „ ,
 r T T y r ^ , „ ) + e (Equation 2.3) 
where K& is the equilibrium dissociation constant; y0bs is the measured fluorescence at a 
given IPTG concentration; I ^ is the maximum change in fluorescence signal between 
zero and saturating inducer; c is a constant background coefficient; and n is the Hill 
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coefficient, which is ~1 in absence of operator. 
2.4.2 [14C]-IPTG binding assay 
An alternative method using [14C]-IPTG was applied for the double mutant 
D149C/S193C to confirm the binding affinity for IPTG (Gardner and Matthews, 1990). 
The assay buffer contained 0.1 M Tris-HCl, pH 7.4, 0.15 M KC1, and protein stock 
concentration was 5 x 10"6 M monomer. The mutant protein in varying concentrations 
was incubated with 7 xlO"7 M [14C]-IPTG for 30 min to 2 hrs before passage through 
nitrocellulose filter. The amount of radioactivity retained on the filter was quantified by a 
Fuji phosphorimager. For each condition, a duplicate sample containing 1 mM unlabelled 
IPTG was assessed to correct for nonspecific binding by labeled IPTG The difference in 
binding in the two samples reflects the specific binding of labeled sugar. 
2.5 Chemical denaturation assay 
Unfolding of tetrameric lac repressor by urea was carried out in 0.1 M K2SO4,0.01 M 
Tris-HCl, pH 7.4 as previously described (Chen and Matthews, 1994; Barry and 
Matthews, 1999). Ultrapure urea (Fluka) was prepared fresh daily, and its concentration 
was determined by refractive index (Barry and Matthews, 1999). In a denaturation 
experiment, 16 samples of a fixed amount of lac repressor (0.5 \iM to 4 \iM monomer) 
were mixed with the urea stock solution to final urea concentration between 0 to 6 M. 
Mixtures were incubated at room temperature for ~2 hr before fluorescence was 
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determined using AB2 spectrofluorometer. The fluorescence intensity was monitored at 
340 nm with an excitation wavelength of 285 nm. Data were analyzed by Igor Pro using 
Equation 2.3 to identify the midpoint of the transition and compare with wild-type 
operator. 
2.6 UV difference spectra 
The UV difference spectrum between IPTG-bound and unliganded Lad reflects the 
overall conformational change mat results in environmental difference for tryptophans 
and tyrosines in the protein (Matthews et ah, 1973; Matthews, 1974; Gardner and 
Matthews, 1990). The spectra were recorded on a Varian Cary 50 spectrophotometer from 
240 to 340 nm at room temperature in a buffer containing 1.0 M Tris-HCl, pH 7.5,10"4 M 
DTT. The concentration of protein was set at ~3 mg/mL, and the concentration of IPTG 
was 1 mM prior to mixing. A dual-chamber cuvette was used in which equal volumes of 
protein and IPTG solutions were placed in different chambers. Spectra were recorded 
before and after mixing solutions in the cuvette. The absorbance was set to zero at 340 
nm. The difference was taken between the average of 3 scans with and without inducer 
present. 
2.7 Kinetic measurements 
2.7.1 Kinetics of repressor-IPTG association 
The association rates for IPTG binding to Lad were measured using a stopped flow 
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system equipped with a fluorescence spectrometer (Friedman and Matthews, 1977) 
(Figure 2.3). A stopped flow instrument is a rapid mixing device used to study the 
chemical kinetics of a reaction in solution. The association processes were monitored as 
the fluorescence decrease due to IPTG binding. The excitation wavelength was 285 nm, 
and fluorescence emission was monitored using a 350 nm cut-off filter. Time courses 
were measured for the association of repressor with IPTG under pseudo-first-order 
conditions. Final Lad concentration was 1.0 x 10~6 M, and IPTG concentrations were 
varied from 0.05 mM to 0.2 mM in buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M 
KC1. The association rate constants were determined by fitting observed rate constant 
(&obs) using die following equation: 
&obs = &assoc[IPTG] + fcdissoc (Equation 2.4) 
where fcassoc and fcdissoc are the association and dissociation rate constants, respectively. 
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Figure 23: Schematic of stop flow system. Small volumes of samples are pushed from 
syringes through a high efficiency mixer within a millisecond. The mixture of samples 
then enters a measurement flow cell and a stopping syringe. As the solution fills the 
stopping syringe, the change in the signal is monitored. Figure source: 
http://porpax.bio.miami.edu/~cmallery/255/255enz/ecb3x28.jpg. 
2.7.2 Kinetics of repressor-operator dissociation 
Operator dissociation rate analysis utilized the nitrocellulose binding assay (Whitson 
and Matthews, 1986). Lad (1.8 xlO"11 M) and 32P-labeled DNA (3.6 xlO"11 M) in a total 
volume of 10 mL were equilibrated for 15 min at room temperature in FB buffer 
containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1,0.1 mM EDTA, and 5% DMSO with 
100 ug/mL of bovine serum albumin. An excess of unlabeled DNA over the initial DNA 
concentration (90-fold excess) was added to the equilibrated solution, immediately 
followed by inverting the tube 3 times gently. Duplicate aliquots (100 (il) were withdrawn 
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and filtered on a nitrocellulose membrane at the desired times. Reactions were monitored 
until equilibrium was reached at ~ 2 hr. The equilibrium value, corresponding to 
background retention of DNA, was subtracted from each time point. The observed 
dissociation rate constant was calculated from the measured ti/2. 
2.8 Formation of oxidized- and reduced-state protein 
The oxidized state of the double-cysteine mutant was obtained by utilizing a Hitrap 
desalting column to remove DTT from the protein solution. After eluting from the 
column, the solution was dialyzed in air-purged buffer (0.01 M Tris-HCl, 0.15 M KC1, 
pH 7.4) for ~1 hr to further push to the oxidized state. The corresponding reduced state 
measurement was achieved by exposure of the protein to a high concentration of DTT 
and 6 M urea followed by rapid elution through a Hitrap desalting column to remove 
DTT. 
2.9 Chemical modification of proteins with Ellman's reagent 
Ellman's reagent, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), was used to determine 
the free sulfhydryl content in Lad (Ellman, 1959; Riddles, et al, 1983) (Figure 2.4). A 
volume of 100 ul of the denatured protein sample (with a final monomer concentration in 
the range -1-10 uM in the presence of 6 M urea) was added to 50 ul of reaction buffer 
(0.1 M sodium phosphate, pH 7.6, 1 mM EDTA) and 20 ul of Ellman's reagent. To 
measure the background, 100 ul of reaction buffer was utilized instead of protein solution. 
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After incubation at room temperature to complete the reaction (-15 mintutes), the 
absorbance at 412 nm was determined against a buffer background to quantify the 
amount of product released from the reaction between an active thiolate of protein 
cysteines and DTNB using an extinction coeffient 8 = 14290 cnV'M"1. 
Ellman's Reagent 
HOOC 
+• 
COOH 
SH 
Hfi-
V @Prtrtfi«henisteofi< 2803 
Figure 2.4: Reaction of Ellman's reagent with sulfhydryls. Ellman's reagent (DTNB) 
reacts with a thiol group to release 2-nitro-5-thiobenzoate (TNB"), which ionizes to the 
TNB2" dianion in water at neutral and alkaline pH. This TNB2" ion has a yellow color and 
can be quantified by measuring the absorbance of visible light at 412 nm. Picture source: 
http://www.proteinchemist.com/chemistry/ellmans.html. 
2.10 Computational Simulation 
The stochastic boundary molecular dynamics (SBMD) simulation was used to 
observe the structural difference between wild-type and Lad mutants (Makagiansar, 2002; 
Kong and Ma, 2001). The macromolecular modeling software CHARMM was used to 
perform SBMD simulations (Brooks and Karplus, 1983; Brooks and Karplus, 1988). This 
approach allows us to reduce the size of the system by partitioning the system in 
essentially two portions: a reaction zone and a reservoir region; the latter is excluded 
from the molecular dynamics simulation (Figure 2.5A). Here, a 16-A sphere in Lad 
structure was defined as a reaction zone, centered at the midpoint between the two 
residues of interest (149 and 193) (Figure 2.5B). 
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Figure 2.5: Stochastic boundary conditions in molecular dynamics. (A) The system is 
partitioned into two parts: reaction zone (includes reaction region and buffer region) and a 
reservoir region. The enzyme-substrate binding site is at the center of the reaction zone. Picture 
source: http://www.ccl.net/cca/documents/molecular-modeling/stochb.gif. (B) A portion of the 
repressor (pdf files lefa and llbh) (Bell and Lewis, 2000; Lewis et al, 1996) including the 
region of interest is partitioned from the whole system. The partitioning is with respect to the 
center of D149 and S193. 
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Empty spaces in this 16-A sphere were solvated by TIP3 water molecules (Jorgensen 
et al, 1983). For the different mutants, the number of water molecules added in the 
reaction region is distinct due to different protein conformations upon mutation. The 
system was partitioned into three regions: The reaction region (a sphere with a radius (r) 
14 A), the buffer region (14 < r < 16 A) and the reservoir region (r > 16 A). All atoms in 
the reservoir region were omitted from the simulation. The trajectory of atoms in the 
reaction region was determined according to Newton equations of motion, whereas atoms 
in the buffer region were propagated by the Langevin equations with appropriate 
boundary forces. The water molecules in the buffer region were set to be in a heat bath, 
which keeps the system at thermal equilibrium. The simulations were carried out at 300 K. 
After SBMD conditions were set up, a brief energy minimization was performed. Then 
the system was dynamically equilibrated for 50 ps at 300 K, and the final production run 
was 5 ns. For each structure, a total of five simulation trajectories with different initial 
random velocities were performed. 
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Chapter 3 
Characterization of D149 and S193 Single 
Mutants 
3.1 Introduction 
The crystal structures for DNA-bound Lad (Bell et al, 2000) and the HTG-bound 
conformation (Lewis et al, 1996) show that the key difference between these forms is 
found in the N-subdomain of the core domain and the hinge helix. The TMD simulation 
from the operator-bound to IPTG-bound form demonstrates that the region around D149 
undergoes the initial change in this transition; in particular, hydrogen bond formation 
occurs early in the process between the side chains of D149 and S193 (Flynn et al, 2003). 
D149 is located in a flexible loop (amino acids 149-156), and the relative flexibility may 
enable the side chain of D149 move ~4 A, finally interacting with SI93. D149 interacts 
directly with IPTG, but S193 does not (Figure 3.1). Thus, D149 may be one of the 
important elements at an early stage in response to IPTG binding and may initiate the 
allosteric signal by altering its noncovalent interaction to the next layer of residues. The 
detailed environment around residue 149 and 193 is shown in Figure 3.1. 
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Figure 3.1: Region surrounding residues 149 and 193. (derived from PDB file 
llbh) (Lewis et al., 1996). (A) A dimer from IPTGLacI structure. IPTG is shown 
pink space fill. (B) Detailed structure around residue 149. IPTG is showed by stick in 
red-yellow-white color in the center. Note that D149 is one of the residues that has 
contact with IPTG 
Besides the TMD simulation results, phenotypic analysis also indicates the 
importance of D149 and S193 in Lad allosteric regulation (Suckow et al., 1996). Table 
3.1 shows the phenotypes of mutations at residues 149 and 193 and nearby residues for 
comparison. Notice that almost all the variants at position 149 or 193 result in lack of 
response to inducer. However, there are two major possibilities that could account for this 
outcome: diminished IPTG binding affinity or impeded allosteric signal pathway. 
Interestingly, since D149 is among the residues that directly contact inducer IPTG 
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(Figure 3.1), exploring this region provides an opportunity to examine whether IPTG 
binding and signal transduction capacities can be uncoupled. 
Table 3.1 - Phenotypic data for lac single mutantsab 
LEU PRO Hl§ TYR PHE CYS ALA GLY ?ER GLN LYS ARG GLU 
148 LEU (+) - + +-h + +-> +-h + + -+ 
149 ASP +s -ws +ws +s +s + +ws +Ws +ws * s - +s +sr 
193 SER -t-s +S +s H-s +$ +s +S +s (+) +s +s *s +s 
t'9& ALA -+. •-+• + + + ' •+ - ("^  + * + + + + 
aThe left column shows residues that are the actual amino acids in the protein, whereas the 
top row shows the various substitutions. 148 LEU and 199 ALA are shown for comparison 
purposes. 
bSymbols: +, repression of more than 200-fold; - +, repression of 20- to 4-fold; w, weak; 
vw, very weak; s, lack of response to inducer; 
To dissect the structural and functional influence of the 149/193 region, die individual 
roles of D149 and S193 will be examined in this chapter. Multiple side chain variations 
have been introduced at sites D149 and S913. The substituted proteins are used to 
examine the effects of different amino acid side chains on function. These substitutions 
examine alterations in electrostatics, polarity, size, hydrogen-bonding capacity, and 
hydrophobic character (Table 3.2). 
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Table 3.2 - Substitutions on D149 and S193 
Repressor Change of property in side chain 
D149N No charge 
D149E Increased size and still acidic 
D149Q Increased size and no charge 
D149T No charge and polar 
D149S Decreased size and no charge 
D149A Decreased size and nonpolar 
D149C Decreased size and no charge 
S193A Decreased size and nonpolar 
S193C Sulfhydryl instead of hydroxyl 
3.2 Results 
3.2.1 Operator binding 
Operator binding was assessed by nitrocellulose filter binding assays to measure both 
affinity and activity. The natural operator sequence, Oi, was used as a 40 bp operator 
DNA in the affinity assay at a concentration at least 10-fold lower than K&. All the mutant 
proteins display near wild-type operator binding (Figure 3.2; Table 3.3). Neither change 
from negatively charged side chain to uncharged nor change to a larger or smaller side 
chain results in dramatic effects on the operator binding. However, there is some slight 
deviation from the wild-type value. For D149 mutants, substitutions with a uncharged 
residues (D149N and D149T) do not affect the operator binding affinity, whereas 
substituting a smaller side chain (D149S, D149A and D149C) or a bigger one while 
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retaining the negative charge (D149E) leads to slightly lower affinity for operator. For 
SI93A and S193C, introduction of a smaller and nonpolar side chain leads to slightly 
decreased affinity for operator binding. In the presence of 1 mM inducer IPTG, all of the 
single mutant proteins exhibit significantly reduced affinity for operator binding in the 
range of protein concentration examined (with the possible exception of D149C), 
indicating the signal to release operator DNA in response to the IPTG binding is 
effectively transmitted. To accurately assess the ability of each mutant protein to respond 
to IPTG, we measured inducer IPTG binding affinity and operator release in the presence 
of varying concentration of IPTG 
Figure 3.2: Operator binding curves for wild-type LacI and single mutants. Wild-type 
Lad binding is represented by a dotted line in each panel for comparison. Equilibrium 
dissociation constants were determined by filter binding assay as described in Materials 
and Methods. Protein (1 x 10"13 to 5 x 10"9) and operator DNA (-1.5 x 10"12 M) were in FB 
buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1,0.1 mM EDTA and 5% DMSO) with 100 
ug/mL of bovine serum albumin. Fraction DNA bound in the absence of IPTG is shown 
by filled circles and in the presence of 1 mM IPTG by open circles. The curves shown 
were generated by fitting the data using Igor Pro. Results from multiple experiments are 
presented in Table 3.3. 
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Table 3.3 - Operator binding affinity of single mutants8 
Operator bindingb +IPTGC 
KA(M xlO11) Kd(Mx 1011) 
WTLacI 
D149N 
D149E 
D149Q 
D149T 
D149S 
D149A 
D149C 
S193A 
S193C 
2.2 ±0.2 
2.5 ± 0.2 
3.4 ±0.3 
2.5 ± 0.2 
2.3 ±0.2 
3.5 ± 0.3 
4.8 ±0.3 
5.0 ± 0.4 
3.3 ± 0.3 
3.1 ±0.2 
> 10000 
>10000 
>10000 
>10000 
> 10000 
>10000 
>10000 
>1000 
>10000 
>10000 
a
 Each value and standard deviation was generated by fitting at least three 
independently generated curves by Igor Pro. Values in bold are those significantly 
different from wild-type protein. 
b
 The equilibrium dissociation constants for Lad-operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M 
KC1,0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum 
albumin. DNA concentration was 1.5xl012M. 
c
 The equilibrium dissociation constants for Lad-operator DNA were measured as 
described in the presence of 1 mM IPTG 
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3.2.2 Inducer sugar binding 
The inducer binding affinity was assessed for each Lad mutant at neutral pH (pH 7.4). 
By comparing the values between wild-type and mutant proteins, all alterations in D149 
result in decreased affinity for inducer. Substitutions with N, S and A decreased binding 
affinity only slightly. The affinity of D149Q and D149C for IPTG was decreased by 
~5-fold, whereas that for D149T and D149E was decreased by -12- and 23-fold, 
respectively. SI93A and S193C also display essentially wild-type inducer binding 
affinities (Figure 3.3; Table 3.4). 
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Figure 3.3: IPTG binding curves for wild-type Lad and single mutants. Wild-type 
behavior is shown by a dotted line in each panel for comparison. IPTG binding assays were 
conducted in fluorescence buffer (0.01 M Tris-HCl, pH 7.4, 0.15 M KC1) with protein 
concentration at 1.5 x 1.0"7 M monomer as described in Materials and Methods. Results from 
multiple experiments are presented in Table 3.4. 
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Table 3.4 - Inducer binding affinity of single mutants1 
WTLacI 
D149N 
D149E 
D149Q 
D149T 
D149S 
D149A 
D149C 
S193A 
S193C 
IPTGbindingb 
Kd (M x 106) 
1.5 ±0.2 
2.2 ± 0.2 
35 ±4.0 
7.0 ±0.8 
19 ±2.0 
3.2 ±0.2 
4.2 ±0.3 
6.0 ± 0.7 
1.9 ± 0.2 
2.4 ± 0.2 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. Values in bold are those significantly different from 
wild-type protein. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was 
fixed at 1.5 x l0 ' 7 M. 
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3.2.3 Operator release 
To examine allosteric communication between DNA- and IPTG-binding sites, we 
quantified the release of DNA from the LacMDNA complex in response to inducer. This 
assay determines the concentration of IPTG required to release 50% of the operator, 
which reflects the combined contributions of IPTG binding and the concomitant 
conformational change. Since our goal is to explore whether D149 is essential to the 
allosteric transition, a change in operator release might be expected in some of these 
mutants. For position 149, N, S or A substitutions yielded near wild-type operator release 
values, whereas substitution with E, Q, T and C shifted the mid-point of operator release 
(Figure 3.4; Table 3.5), which can arise either from an alteration in IPTG binding or from 
(partial) blockage of the allosteric signal in the path from the IPTG binding site to DNA 
binding site in these mutant proteins. For D149E, which has most severe effect, [IPTGlmid 
for operator release was increased ~50-fold. D149T had a ~20-fold higher value, and 
values for both D149Q and D149C increased ~7-fold. Comparing the size of the side 
chains of these substitutions, E and Q elongate the side chain by one more -CH2, T has a 
similar size side chain, and A has a relatively smaller side chain compared to D. From 
another point of view, E is negatively charged, Q and T have polar but uncharged R 
groups, and the side chain of A is nonpolar. Moreover, E, Q and T have the potential to 
form a hydrogen bond with other residues, but A lacks this ability. For S193 single 
mutants, both S193 A and S193C displayed operator release values comparable to 
wild-type LacI (Figure 3.4; Table 3.5). Substitution of A for S at position 193 introduces a 
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decreased size and nonpolar amino acid, and also results in loss of the ability to form a 
hydrogen bond with another side chain. 
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Figure 3.4: Operator release curves for wild-type Lad and single mutants. Wild-type 
behavior is shown by a dotted line in each panel for comparison. Operator release experiments 
were performed in FB buffer with 100 ug/mL of bovine serum albumin with DNA 
concentration at 1.5 x 10"12 M as described in "Materials and Methods". Results from multiple 
experiments are presented in Table 3.5. 
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Table 3.5 - Operator release data of single mutants0 
Operator release15 
[IPTGlnud (M X 106) 
WTLacI 
D149N 
D149E 
D149Q 
D149T 
D149S 
D149A 
D149C 
S193A 
S193C 
2.2 ±0.2 
2.5 ±0.3 
110 ±12 
16 ±2.3 
42 ±3.6 
5.3 ±0.7 
4.6 ±0.5 
14 ± 1.3 
4.2 ± 0.5 
3.2 ± 0.4 
a Each value and standard deviation was generated by fitting at least three 
independently generated curves by Igor Pro. Values in bold are those 
significantly different from wild-type protein. 
b
 Operator release was monitored by nitrocellulose filter binding assays in FB 
buffer with 100 ug/mL of bovine serum albumin. DNA concentration was at 
least 10-fold below K&, and protein concentration was - 80% of maximal DNA 
binding. 
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3.2.4 Induction ratio 
The results of operator release and inducer binding can be put together to obtain 
information about the role of D149 in the allosteric transition of Lad. D149N, D149S 
and D149A exhibit both wild-type inducer binding and operator release, indicating IPTG 
binding and allosteric pathway is retained in these mutant proteins. D149E shows the 
most serious decrease in inducer binding (~23-fold difference from wild-type), and it has 
even greater impact on operator release (~50-fold from wild-type). D149T also displays a 
significant difference from wild-type, both in inducer binding and operator release, 
~12-fold and ~20-fold respectively. Both D149Q and D149C have ~5-fold decrease in 
IPTG binding and ~7-fold decrease in operator release. For the single mutants at residue 
193, both S193A and S193C display comparable inducer binding and operator release 
results to wild-type Lad. 
To better compare and interpret the experimental data, we determined the induction 
ratio, measured by the ratio of the operator release mid-point ([IPTGJmid) divided by the 
measured K& for inducer binding. Using this value, effects on allosteric communication 
can be distinguished from decreased IPTG binding affinity. For wild-type Lad, this ratio 
is -1.5. The ratios for all mutants are within ~2-fold of wild-type Lad. Although operator 
release [IPTGlmid values for D149E, D149Q, D149T and D149C are larger than that for 
wild-type Lad, their IPTG binding affinities are weaker, resulting in induction ratios 
comparable to wild-type (Table 3.6). These data suggest that single substitutions at 
residue 149 or 193 do not significantly impact Lad allostery, even when inducer binding 
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affinity is compromised. 
Table 3.6 - Induction ratio of single mutants' 
Induction Ratio 
[IPTGW/sTd 
WTLacI 
D149N 
D149E 
D149Q 
D149T 
D149S 
D149A 
D149C 
S193A 
S193C 
1.5 ±0.2 
1.1 ±0.2 
3.2 ± 0.5 
2.3 ±0.4 
2.2 ± 0.2 
1.6 ±0.2 
1.1 ±0.2 
2.3 ± 0.3 
2.2 ±0.3 
1.3 ±0.1 
a
 The induction ratio is given by the ratio of [IPTGJmid to the Kj for inducer 
binding. Repressors with a ratio higher than wild-type have a potential block in 
allosteric communication 
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3.2.5 Thermodynamic cycle analysis of D149E 
To further assess features of D149 single mutants, thermodynamic cycle analysis was 
performed on D149E, since it displays normal DNA binding affinity, but dramatically 
weaker IPTG binding affinity. For Lad, there are two paths from aporepressor to 
operator- and IPTG-bound holorepressor as shown in Figure 1. AGA, AGB, AGC and AGD 
correspond to the free energy changes for reactions A, B, C and D (Figure 3.5). AG is 
calculated from the equation: AG = RTlnATd (T=298K). In a LacI tetramer, four IPTG 
binding locations and two operator binding sites are available. 
route 1 
aporepressor 
*4IPTG 
holorepressor 
*2operator 
operator-bound 
aporepressor 
+ 4 IPTG 
+ 2 operator 
B 
pperatpr^bound _^ 
holorepressor 
rpute2 
Figure 3.5: Thermodynamic loop for LacI-operator-IPTG association. LacI can 
follow two paths from aporepressor to operator-bound holorepressor. Free energy change 
for both routes should be equivalent. 
Based on thermodynamic principles, the total free energy for route 1 and route 2 
should be equivalent (Daly and Matthews, 1986). This cycle analysis can provide 
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information about allosteric conformational shift in proteins (Daly and Matthews, 1986; 
Barry and Matthews, 1999). The total free energy for route 1 is given by the equation: 
AGi = 2AGA + 4AGB, and the total free energy for route 2 is AG2 = 2AGC + 4AGD. 
Operator DNA binding in the absence and the presence of IPTG (1 mM) was measured 
by nitrocellulose filter binding assay. IPTG binding in the absence and the presence of 
operator DNA (1.5 x 10"6 M) was monitored by using fluorescence emission intensity 
change with increased concentration of IPTG The protein concentration was 1.5 x 10"7 M 
in monomer in the absence of operator and 5 x 10"7 M in the presence of operator. 
Fluorescence buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1) was used in both 
measurements to obtain the complete thermodynamic cycle under the same conditions. 
The equilibrium dissociation constants and AG calculated for different mutants are listed 
in Table 3.7 and Table 3.8. 
Table 3.7 - Equilibrium dissociation constants of D149E 
Operator binding IPTG binding 
-IPTG +IPTG -Operator + Operator 
> d
a (nM) Kda(tM) Kdb (\iM) Kdb(\iM) 
WTLacI 0.3 ±0.2 6.6 ±0.5 1.4 ±0.2 10 ±1.0 
D149E 0.9 ±0.2 31 ±3.0 35 ±0.2 390 ±1.0 
a
 K& values correspond to those measured by nitrocellulose filter binding using 
fluorescence buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. 
bRvalues were determined by fluorescence titration in fluorescence buffer. 
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Table 3.8 - Thermodynamic constants of D149E 
WTLacI 
D149E 
Operator binding 
-IPTG 
AGAa 
(kcal/mol) 
-13 ±0.1 
-12.3 ±0.1 
+ IPTG 
AGC 
(kcal/mol) 
-11.2 ±0.1 
-10.2 ±0.1 
IPTG 
- Operator 
AGD 
(kcal/mol) 
-8.0 ±0.1 
-6.1 ±0.1 
binding 
+ Operator 
AGB 
(kcal/mol) 
-6.8 ±0.1 
-4.7 ±0.1 
1
 AG is calculated from the equation: AG = RTlnA:d (T=298K) 
Table 3.9 - Total free energy changes for D149E 
AGr (kcal/mol) AG2a (kcal/mol) 
WTLacI 
D149E 
-53.2 ±0.3 
-43.4 ± 0.2 
-54.4 ±0.3 
-44.8 ±0.2 
a
 The total free energy change for route 1: AGi = 2AGA + 4AGB 
bThe total free energy change for route 1: AG2 = 2AGC + 4AGD 
Using values derived from these experiments, AGi and AG2 were -53.2 and -54.4 
kcal/mol respectively for wild-type Lad (Table 3.9). The 1.2 kcal difference between the 
total free energy changes for these two paths may be due to experimental limitations with 
the filter binding technique when protein concentration is high. The single mutant D149E 
has free energy changes for route 1 and 2: -43.4 and -44.8 kcal/mol, respectively. The 
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difference in total free energy for D149E (1.4 kcal) is comparable to wild-type Lad. The 
data demonstrate that its thermodynamic cycle is completely accounted in the 
experiments, although this mutant affects IPTG binding affinity significantly. 
3.3 Discussion 
Despite broad exploration of Lad as a regulatory protein, neither D149 nor SI93 has 
been targeted for biochemical analysis of substitutions. Previous phenotypic analysis 
demonstrates that alterations at these sites result in proteins insensitive to IPTG binding 
(Suckow et al., 1996). However, since D149 is among the amino acids that have direct 
contact with inducer IPTG, this phenotype could be caused by either diminished IPTG 
binding affinity or impaired allosteric transition. In this study, a series of D149 and S193 
point mutations were generated to examine the effects of different amino acid side chains 
on function. 
For substitutions at residue 149, the difference of side chains between D149A and 
other mutant proteins mainly exists in the polarity. Except for D149A which lacks the 
potential to form a hydrogen bond with the side chain of other residues, all the other LacI 
mutants examined are polar. In the TMD simulation (Flynn et al., 2003), at the beginning 
of allosteric pathway, D149 shifts to form a hydrogen bond with S193. Replacement of 
nonpolar residues at positions 149 would prevent the formation of this hydrogen bond. 
The thermodynamic data for D149A are comparable to wild-type LacI, suggesting the 
ability to form hydrogen bonds at residue 149 is not critical for LacI function, possibly 
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due to additional hydrophobic interaction energy accommodated by this substitution. The 
induction ratios for the D149 single mutants are within 2.5-fold that for wild-type protein, 
suggesting that coupling between inducer binding and the allosteric conformational 
change are not altered. In addition, both S193 single mutants show a moderate change 
and display essentially wild-type properties. 
The data for single substitutions at either D149 or S193 demonstrate that substitutions 
at these sites either exert minimal effect on Lad binding properties or alter inducer 
binding affinity without significantly affecting the induction ratio or the allosteric 
transition. 
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Chapter 4 
Characterization of double mutants (Part I): 
D149A/S193A and D149C/S193C 
4.1 Introduction 
The three-dimensional structures of the core domain of Lad in both operator- and 
IPTG-bound conformations that became available in mid-1990s (Friedman, et al, 1995; 
Lewis, et al, 1996; Bell and Lewis, 2000) provides opportunity to better understand the 
characteristics of this protein. The shift in Lad structure between operator- and 
inducer-bound conformations requires both rotation and translation of the N-subdomain 
within the core domain (Figure 4.1a). Amino acids D149 and S193 are located near the 
IPTG binding pocket at the interface of the N- and C-subdomains. Shifts in the side 
chains at D149 and S193 as well as substantial movement of the backbone of D149 are 
observed between DNA- and IPTG-bound Lad structures (Figure 4.1). In the 
DNA-bound structure, a single bond is formed between the backbone of SI93 and the 
side chain of D149; however, in the IPTG-bound structure, the D149 side chain forms 
two hydrogen bonds to the S193 side chain in each monomer (Figure 4.1b) (Lewis, et al, 
1996; Bell and Lewis, 2000). This alteration in interaction between D149 and S193 
suggests they might be participants in determining the distinct conformational states of 
the repressor and contribute to allosteric regulation in Lad. 
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Figure 4.1: Three-dimensional crystal structures of Lad. (A) Monomer from lefa 
(black) (Bell and Lewis, 2000) and monomer from llbh (gray) (Lewis et al, 1996) were 
aligned using residues in the core C-subdomain. Note the changes in the N-subdomains. 
(B) Detailed view of D149 and S193 in OsymONPFLacI structure (lefa, black) (Bell and 
Lewis, 2000) and IPTGLacI structure (llbh, gray) (Lewis et al, 1996). Residues 149 and 
193 are highlighted by sticks, and hydrogen bonds are shown by dashed line. Note the 
movement of the backbone surrounding D149 and the altered positions of side chains of 
D149 and S193 in these two conformations. 
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Since single mutants at D149 or S193 did not significantly disrupt Lad allostery as 
described in Chapter 3, double mutants were constructed. The first was a double-alanine 
mutant: D149A/S193A. From the TMD simulation, hydrogen bond formation between 
the side chains of D149 and S193 was noted as potentially important to function (Flynn et 
ai, 2003), and the interaction between D149 and S193 was observed at the initial stage of 
propagating the message from the inducer-binding pocket to the N-subdomain (Figure 
4.2). The hydrogen bonds between 149 and 193 are likely to facilitate favoring one 
conformational state over the other. The double mutant D149A/S193A was designed to 
explore the importance of hydrogen bond formation by precluding the side-chain 
contribution at these positions. 
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Figure 4.2: Part of timeline of the allosteric transition pathway predicted by TMD 
simulation (adapted from Flynn et al, 2003). Notice that immediately after IPTG binds 
to the protein, the interaction between D149 and S193 was observed (red-ellipse 
highlight). Also, mobility in flexible loop (including residues from 149 to 156) was 
noticed during the conformational change of LacI (blue-ellipse highlight). 
Besides the formation of hydrogen bonds between residues 149 and 193, mobility of 
the flexible loop that encompasses amino acids 149-156 accompanies the early steps in 
propagating the inducer-binding signal from the binding pocket to the DNA-binding site 
(Flynn et al, 2003) (Figure 4.2). D149 is located at the start of the flexible loop, and 
mobility in this loop allows the side chain of residue 149 to move ~4A, forming hydrogen 
bonds with the side chain at 193. These hydrogen bonds may secure the flexible loop in 
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place (Flynn et al, 2003). This event appears critical in the initial stages of the 
conformational change of Lad. Further, in the intermediate state of TMD simulation 
(Figure 4.3), the side chain of residue 149 points to a position neither close to the 
IPTG-bound nor to the DNA-bound state (Flynn et al, 2003). This observation indicates 
that D149 may play a role in delivering the allosteric signal by altering its noncovalent 
interaction with the next layer of residues and initiating the LacI conformational change. 
Figure 4.3: Detailed structure of 149/193 region. (A) Detailed view of D149 and S193 
in OsymONPFLacIstructure (lefa, black) andIPTGLacI structure (llbh, gray). (B)The 
intermediate state simulated by TMD. Notice that the side chain of residue 149 is in a 
position different from both IPTG-bound and DNA-bound states. 
In LacI, substitution of other residues in/near this solvent-exposed flexible loop 
results in altered inducer and operator binding affinities. For example, despite induction 
ratios similar to wild-type LacI, the two mutations L148F and S151P are an "opposite" 
pair: L148F exhibits lowered affinity for operator and increased affinity for IPTG, 
whereas S15 IP has enhanced operator binding and diminished IPTG binding affinity 
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(Swint-Kruse et al, 2003). These results suggested that these mutations influence the 
Lad aliosteric equilibrium. Thus, residues in this flexible loop appear to contribute to 
allosteric regulation, perhaps by impacting the range and nature of structural states 
available to the protein. 
In order to constrain the mobility of the flexible loop, a double-cysteine mutant 
D149C/S193C was designed with the potential to form a disulfide bond. In both operator-
and IPTG- bound Lad structures, the distances between the Ca atoms of residues 149 and 
193 are within a range favorable for disulfide formation as found for other systems (Table 
4.1) (Tiebel et al, 1998). By manipulating the oxidized- and reduced-D149C/S193C, the 
function of the disulfide bond in allosteric signal transmission can be clearly 
characterized. Together with D149A/S193A, biochemical and biophysical characteristics 
of D149C/S193C were examined to explore the role of specific side chain interaction and 
flexibility of the region in Lad allosteric response. 
Table 4.1 — Predicted distances of engineered disulfides8 
AC„(A) ACp(A) 
D149S193(lLBHb) 6.78 5.78 
D149S193(1EFAC) 6.34 5.10 
" The favorable distance for disulfide formation upon mutation to cysteine residues: 
AC„ 4.6-7.4 A. 
b
 Structure llbh from Lewis et al, 1996. 
c
 Structure lefa from Bell and Lewis, 2000. 
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4.2 Properties of D149A/S193A 
The D149A/S193A double mutant displays slightly decreased operator binding 
affinity (Figure 4.4; Table 4.2) in the absence of IPTG In the presence of 1 mM inducer 
IPTG D149A/S193A exhibits significantly reduced affinity for operator binding in the 
range of protein concentration examined, comparable to wild-type Lad. In addition, 
D149A/S193A shows ~3-fold decreased inducer binding affinity as well as ~2-fold 
increased [IPTGJmid value (Figure 4.4; Table 4.3). The induction ratio for D149A/S193A 
is close to wild-type (Table 4.3), demonstrating that the ability to form hydrogen bonds 
between residue 149 and 193 is not critical for allosteric signal transduction. 
Figure 4.4: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for D149A/S193A. Wild-type Lad binding is represented by a dotted line in each figure for 
comparison. Operator binding and release assays were carried out in FB buffer (0.01 M 
Tris-HCl,pH7.4,0.15 MKC1,0.1 mMDTT,0.1 mMEDTA, and5% DMSO) with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1) 
with protein concentration at 1.5 x 10*7 M monomer. For operator binding curves, fraction 
DNA bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM 
IPTG by open circles. The curves shown were generated by fitting the data using Igor Pro. 
Results from multiple experiments are presented in Table 4.2 and Table 4.3. 
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Table 4.2 — Operator binding affinity of D149A/S193A8 
WTLacI 
D149A/S193A 
Operator bindingb 
KA (M xlO11) 
2.2 ± 0.2 
4.0 ± 0.3 
+IPTGC 
Kd (M x 1011) 
>10000 
>10000 
a
 Each value and standard deviation was generated by fitting at least three 
independently generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for LacI»operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M 
KC1,0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum 
albumin. DNA concentration was 1.5 x 10"12 M. 
c
 The equilibrium dissociation constants for LacI»operator DNA were measured as 
described in the presence of 1 mM IPTG 
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Table 4.3 — Inducibility of D149A/S193A8 
IPTG bindingb Operator release0 Induction Ratiod 
Kd(Mxl06) [IPTGlnud (M x 106) [TPTGUt/Kd 
WTLacI 1.5 ±0.2 2.2 ±0.2 1.5 ±0.2 
D149A/S193A 4.2 ±0.4 4.6 ±0.4 1.1 ±0.1 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was fixed at 
1.5xl0"7M. 
c
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below Kd, and 
protein concentration was ~ 80% of maximal DNA binding. 
d
 The induction ratio is given by the ratio of [IPTG] mid to the Kd for inducer binding. 
Repressors with a ratio higher than wild-type have a potential block in allosteric 
communication. 
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4.3 Properties of D149C/S193C purified from cell extracts 
4.3.1 Operator binding, IPTG binding and operator release properties 
The double mutant D149C/S193C purified from cell extracts has operator binding 
affinity comparable to wild-type Lad in the absence of IPTG, whereas in the presence of 
1 mM IPTG this mutant still binds to operator, reflecting decreased sensitivity to inducer 
binding (Figure 4.5; Table 4.4). This double-cysteine mutant exhibited IPTG binding 
affinity within ~2-fold of wild-type Lad. Resistance of D149C/S193C to release of 
operator by inducer binding was confirmed by the operator release assay, with an over 
12-fold increased [IPTO],^ value and only 50% release of DNA; further, the induction 
ratio is ~6-fold higher than that for wild-type Lad (Table 4.5). 
To explore whether reciprocal behavior could be measured for operator impact on 
IPTG binding, [14C]-IPTG binding was measured in the assay buffer for operator binding. 
The retention of IPTG at protein concentrations just above the protein»DNA K<i and 
stoichiometric operator DNA was diminished by ~2-fold for D149C/S193C compared to 
wild-type Lad (Figure 4.6), consistent with expectations from DNA binding results. 
These distinct properties of D149C/S193C meet the criteria for an allosteric Lad mutant, 
and flexibility for movement in the region encompassed by D149 and/or S193 appears 
critical for allosteric regulation. 
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Figure 4.5: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for D149C/S193C from cell extracts. Wild-type Lad binding is represented by a dotted 
line in each figure for comparison. Operator binding and release assays were carried out in 
FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1,0.1 mM DTT, 0.1 mM EDTA, and 5% 
DMSO) with 100 ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 
M, whereas IPTG binding experiments were in fluorescence buffer (0.01 M Tris-HCl, pH 
7.4, 0.15 M KC1) with protein concentration at 1.5 x 10"7 M monomer as described in 
Materials and Methods. For operator binding curves, fraction DNA bound in the absence 
of IPTG is shown by filled circles and in the presence of 1 mM IPTG by open circles. The 
curves shown were generated by fitting the data using Igor Pro. Results from multiple 
experiments are presented in Table 4.4 and Table 4.5. 
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WTLacI 
D149C/S193C 
Operator binding13 
Kd (M xlO11) 
2.2 ± 0.2 
4.2 ± 0.5 
+IPTGC 
Kd (M x 1011) 
>10000 
<100 
Table 4.4 —Operator binding affinity of D149C/S193C from cell extracts8 
% release 
100% 
-50% 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. Values in bold are those significantly different from 
wild-type protein. 
b
 The equilibrium dissociation constants for LacI»operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1, 
0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5xl012M. 
c
 The equilibrium dissociation constants for LacI»operator DNA were measured as 
described in the presence of 1 mM DPTG 
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Table 4.5 — Inducibility of D149C/S193C from cell extracts1 
WTLacI 
D149C/S193C 
IPTG bindingb 
Kd (M x 106) 
1.5 ±0.2 
2.9 ±0.2 
Operator release0 
[IPTGUa (M x 106) 
2.2 ± 0.2 
27 ±2.1 
Induction Ratiod 
[ I P T G W ^ 
1.5 ±0.2 
9.3 ± 1.0 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. Values in bold are those significantly different from wild-type 
protein. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was fixed at 
1.5xl0"7M. 
c
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below K&, and 
protein concentration was ~ 80% of maximal DNA binding. 
d
 The induction ratio is given by the ratio of [IPTGlmid to the Kj for inducer binding. 
Repressors with a ratio higher than wild-type have a potential block in allosteric 
communication 
84 
• D149C/S193C 
• WTLacI 
Figure 4.6: Difference of [14C]-IPTG retention in the presence and absence of 
operator for wild-type Lad and D149C/S193C as purified from cell extracts. This 
measurement was conducted in FB buffer with 100 ug/mL of bovine serum albumin. 
The protein concentration was 1.5 x 10"7 M monomer, and operator DNA was at 5 x 
10"7 M. IPTG concentration was ~ 80% of maximal protein-IPTG binding. 
4.3.2 Thermodynamic cycle analysis of D149C/S193C 
To further assess features of D149C/S193C, thermodynamic cycle analysis was 
performed. This thermodynamic assay can provide information about allosteric 
conformational shift in proteins (Daly and Matthews, 1986; Barry and Matthews, 1999). 
Since D149C/S193C appears to partially impede the allosteric signaling pathway in Lad, 
it is important to determine if the thermodynamic loop is complete. The equilibrium 
dissociation constants and AG calculated for this mutant protein are listed in Table 4.6 
and Table 4.7. 
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Table 4.6 - Equilibrium dissociation constants of D149C/S193C 
WTLacI 
D149C/S193C 
Operator binding 
-IPTG 
Kda (nM) 
0.3 ±0.2 
0.4 ±0.2 
+ IPTG 
Kda(nM) 
6.6 ±0.5 
1.6 ±3.0 
IPTG 
- Operator 
Kd\\iM) 
1.4 ±0.2 
2.9 ±0.2 
binding 
+ Operator 
*db(nM) 
10 ±1.0 
11 ± 1.0 
a
 K& values correspond to those measured by nitrocellulose filter binding using 
fluorescence buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. 
b
 K& values were determined by fluorescence titration in fluorescence buffer. 
Table 4.7 - Thermodynamic constants of D149C/S193C 
WTLacI 
D149C/S193C 
Operator 
-IPTG 
AGAa 
(kcal/mol) 
-13 ±0.1 
-12.8 ±0.1 
binding 
+ IPTG 
AGC 
(kcal/mol) 
-11.2 ±0.1 
-12 ±0.1 
IPTG 
- Operator 
AGD 
(kcal/mol) 
-8.0 ±0.1 
-7.5 ±0.1 
binding 
+ Operator 
AGB 
(kcal/mol) 
-6.8 ±0.1 
-6.8 ±0.1 
1
 AG is calculated from the equation: AG = RTlnA:d (T=298K) 
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Using values derived from these experiments, AGi and AG2 were -53.2 and -54.4 
kcal/mol respectively for wild-type LacI (Table 4.8). The 1.2 kcal difference between die 
total free energy changes for these two paths may be due to experimental limitations with 
the filter binding technique when protein concentration is high. The double mutant 
D149C/S193C has free energy changes for route 1 and 2: -52.8 and -54.0 kcal/mol, 
respectively. The difference in total free energy for D149C/S193C (1.2 kcal) is the same 
as for wild-type LacI. The data demonstrate that the thermodynamic cycle is completely 
accounted in the experiments and is similar energetically to wild-type LacI, although this 
double mutant affects operator release significantly. 
Table 4.8 - Total free energy changes for D149C/S193C 
AGia (kcal/mol) AG2a (kcal/mol) 
WTLacI -53.2 ±0.3 -54.4 ±0.3 
D149C/S193C -52.8 ±0.2 -54.0 ±0.2 
a
 The total free energy change for route 1: AGi = 2AGA + 4AGB 
b
 The total free energy change for route 1: AG2 = 2AGC + 4AGD 
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4.3.3 Urea denaturation 
Altered structural equilibrium may affect Lad function, and the thermodynamic 
connection between protein folding/assembly and function must also be considered. Urea 
denaturation experiments can assess if structural equilibria are affected by side-chain 
substitutions. The spectral changes associated with the denaturation of lac repressor were 
monitored by tryptophan fluorescence at 340 nm. The changes in these signals exhibited 
an apparent cooperative transition centered at -2.8 M urea for wild-type (Barry and 
Matthews, 1999) (Table 4.9). The double mutant D149C/S193C displayed stability 
compared to wild-type Lad in this assay (Figure 4.7; Table 4.9). However, the slopes of 
these curves for D149C/S193C were slightly decreased, suggesting slightly lower AG0. 
Although these results suggest potential small alterations in folding or assembly, the 
wild-type operator binding properties provide evidence that coupled dissociation and 
DNA binding do not occur in this variant. 
Table 4.9 - Urea denaturation of D149G/S193C" 
[UreaUdOVl) 
WTLacI 2.82 ± 0.02 
D149C/S193C 2.80 ±0.02 
a
 Urea denaturation was performed as described in Materials and Methods. 
Protein concentration was -1.5 x 10"6 M monomer in buffer containing 0.01 M 
Tris-HCl, pH 7.4,0.1 M K2S04. Standard deviations shown represent a 
minimum of three measurements. 
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Figure 4.7: Urea denaturation of wild-type and D149C/S193C. The 
protein concentration was 2 x 10"6 M monomer in a buffer of 0.1 M K2S04, 
0.01 M Tris-HCl (pH 7.4) with various concentrations of urea. Data from 
single experiments are shown, and the results are summarized in Table 4.9. 
4.3.4 UV difference spectra 
Inducer binding is propagated through die structure of the protein. The direct 
interaction between IPTG and lac repressor in concert with the associated conformational 
change results in environmental change around aromatic residues (tryptophans and 
tyrosines) that are reflected in the UV difference spectrum. The difference spectrum for 
wild-type repressor with IPTG bound exhibited three minima at 280 nm, 288 nm and 308 
nm that were previously assigned to environmental changes for tryptophans, both 
tryptophans and tyrosines, and W220, respectively (O'Gorman and Matthews, 1977; 
Gardner and Matthews, 1990) (Figure 4.8). Comparing the difference spectra between 
wild-type and the double mutant D149C/S193C, the minima at 280 nm and 288 nm are 
similar, whereas the minimum at 308 nm is altered in the mutant protein. In addition, the 
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spectral region between ~295-315 nm exhibits increase in absorbance difference. This 
phenomenon may derive from the structural changes that accompany formation of a 
disulfide bond between positions 149 and 193 (Figure 4.8) 
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Figure 4.8: UV difference spectra of wild-type and D149C/S193C repressors in 
the presence of IPTG. Difference spectra between unbound and IPTG-bound 
repressor were scanned from 340 to 240 nm at room temperature in fluorescence 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1 as described in Materials and 
Methods. Solid line represents wild-type repressor; dashed line is the spectrum for the 
D149C/S193C mutant. 
4.3.5 Rate measurements of repressor-IPTG association 
To ensure that the differences from wild-type Lad observed for D149C/S193C were 
not kinetic in origin, wild-type and D149C/S193C association and dissociation rates with 
IPTG were measured. The IPTG association rate constant for wild-type protein is 1.1 x 
105 NT's"1 at pH 7.4, consistent with data from previous work (Frideman et ah, 1977; 
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Chakerian et al, 1987; Xu et al, 1998). The value for D149C/S193C is within -2-fold of 
that for wild-type Lad (Figure 4.9; Table 4.10). Dissociation rate constants were derived 
from the plot of fcassoc versus concentration of IPTQ and the D149C/S193C value was 
~3-fold that for wild-type Lad. Thus, the disulfide bond between residues 149 and 193 
does not substantially impact the rate constants for D149C/S193C binding to IPTG The 
equilibrium constant for each reaction computed from the corresponding rate constants 
was comparable within ~2-fold to the value for the K& determined directly from 
fluorescence titration (Table 4.10). 
Table 4.10 - Kinetic constants for IPTG binding 
WTLacI 
D149C/S193C 
k • • a 
^association 
(M-y1 x lo5) 
1.1 ±0.1 
2.3 ± 0.2 
fc,- • • b 
^dissociation 
(s1) 
0.3 ±0.1 
1.0 ±0.3 
ColCQ £diss<y'^assoc 
(M x 106) 
2.7 ±0.3 
4.4 ± 0.3 
(M x 106) 
1.4 ±0.2 
2.5 ± 0.2 
a
 The association rate constants for IPTG binding were obtained by stopped-flow 
experiments at 25 °C in fluorescence buffer (0.01 M Tris-HCl, pH 7.4, 0.15 M KC1). Error 
values represent the standard deviation for a minimum of three measurements. 
b
 Values were calculated from the intercept of the plot of &obSd vs IPTG concentration. 
c
 Values were measured by fluorescence titration in fluorescence buffer. 
91 
| 
Time (s) 
Figure 4.9: Measurement of association rate constant for IPTG binding for 
wild-type Lad and D149C/S193C. The association rates for IPTG binding were 
determined by stopped flow fluorescence spectroscopy as described in Materials and 
Methods. The excitation wavelength was 285 nm, and a cut-off filter (350 nm) was 
used to monitor the decrease in emission. For each repressor, protein (1.0 x 10"6 M) 
was mixed with multiple IPTG concentrations (from 0.05 mM to 0.2 mM) in 
fluorescence buffer. Shown are data from a single experiment using 0.05 mM IPTG 
Results from the complete analysis are summarized in Table 4.10. 
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4.3.6 Rate measurement of repressor-operator dissociation 
The operator dissociation rate constants were measured by adding unlabeled operator 
DNA to trap released repressor (Whitson and Matthews, 1986). The dissociation rate 
constants for wild-type Lad and D149C/S193C measured under same conditions were 
essentially identical (Figure 4.10; Table 4.11). These data demonstrate that introducing a 
disulfide bond between residues 149 and 193 does not significantly influence kinetics for 
repressor-operator dissociation. 
Table 4.11 - Kinetic constants for repressors from operator DNA 
lr a 
''dissociation 
( s 'x lO 3 ) 
WTLacI 5.4 ± 0.3 
D149C/S193C 5.0 ±0.2 
a
 The dissociation rate constants of repressors from operator DNA utilized 
nitrocellulose filter binding assay in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1, 
0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum 
albumin. Protein concentration was 1.8 x 10"11 M, and labeled DNA concentration was 
3.6 x 10"11 M. Unlabeled DNA was at 90-fold excess over labeled DNA. 
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Figure 4.10: Determination of dissociation rate constants for operator DNA from 
repressor. This measurement was conducted by nitrocellulose filter binding in FB buffer 
with 100 ug/mL of bovine serum albumin as described in Materials and Methods. 
Repressor (1.8 x 10"11 M) and 32P-labeled operator (3.6 xlO"11 M) were equilibrated for 
15 min before a 90-fold excess of unlabeled DNA was added to the mixture at time zero. 
Samples were taken at time intervals for analysis. The equilibrium value measured at 2 hr 
was subtracted from the data at each time point to determine extent of release, and values 
were normalized relative to binding at time zero. 
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4.4 Properties of oxidized- and reduced-state D149C/S193C 
4.4.1 Determination of number of the cysteines 
To assess directly the formation of the disulfide bond in D149C/S193C, the number 
of free cysteines per monomer in this double mutant as isolated from cell extracts was 
determined by Ellman's reaction in 6 M urea to provide a quantitative measure of 
available thiols (Ellman, 1959; Riddles et al., 1983). The results demonstrate that the 
ratio of thionitrobenzoate anion produced over [monomer] is 2.9 ±0.1 for wild-type Lad, 
indicating that each monomer exhibits the expected 3 free cysteines (residues 107,140 
and 281) (Yang and Matthews, 1976). For the double mutant D149C/S193C, 4.0 ±0.1 
free cysteines are detected in the native monomelic state, suggesting there is a mixture of 
the oxidized and reduced forms of the protein present in solution. Following treatment 
with DTT and rapid removal by a desalting column, 4.6 ±0.1 free cysteines are detected, 
indicating more reduced D149C/S193C is obtained. Also, the D149C/S193C mutant can 
be pushed toward the oxidized state by removing DTT tiirough a desalting column and 
dialyzing in air-bubbled buffer. Under this condition, 3.3 ± 0.1 free cysteines per 
monomer are detected, 
4.4.2 Thermodynamic properties of oxidized and reduced D149C/S193C 
Since D149C/S193C with greater and lesser oxidation can be obtained experimentally, 
the impact of varied extent of disulfide bond formation was further examined. As controls, 
the thermodynamic properties of wild-type protein produced under the same conditions 
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for both oxidization and reduction were also examined. The operator binding affinities for 
oxidized- and reduced-state D149C/S193C are decreased compared to untreated protein, 
consistent with results for wild-type Lad under the same conditions (Figure 4.11; Table 
4.12). In the presence of a high concentration of 1 mM IPTG, D149C/S193C in both 
states can still bind to operator DNA with higher affinity than wild-type Lad (Figure 4.11; 
Table 4.12), with the oxidized protein binding ~9-fold more tightly. IPTG binding 
affinities for oxidized and reduced D149C/S193C are comparable to the untreated double 
mutant and wild-type Lad (Figure 4.12; Table 4.13). Importantly, the operator release 
data demonstrate that the oxidized and reduced forms of D149C/S193C have distinct 
sensitivity to IPTG, reflected in the ~ 10-fold difference between their [IPTG] mid values 
(Figure 4.13; Table 4.13). Therefore, the induction ratios for oxidized and reduced 
D149C/S193C are > 10-fold different. The difference in response to IPTG binding 
between the oxidized and reduced forms of D149C/S193C confirms that the disulfide 
bond introduced impedes allosteric signal transduction within the LacI structure. 
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Figure 4.11: Operator binding curves for wild-type Lad and D149C/S193C exposed 
to oxidizing and reducing conditions. Wild-type Lad binding is represented by a dotted 
line in each panel for comparison. Operator binding was carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M as described in 
Materials and Methods. For operator binding curves, fraction DNA bound in the absence 
of IPTG is shown by filled circles and in the presence of 1 mM DPTG by open circles. The 
curves shown were generated by fitting the data using Igor Pro. Results from multiple 
experiments are presented in Table 4.12. 
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Table 4.12 - Operator binding affinity of oxidized- and reduced-repressors* 
WTLacI(Od) 
WTLacI (Re) 
D149C/S193C (O) 
D149C/S193C (R) 
Operator binding6 
Kd (M xlO11) 
13 ±2.0 
16 ±1.0 
10 ±1.0 
15 ±1.6 
+IPTG0 
ATd (M x 1011) 
>10000 
>10000 
-75 
~ 650 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. Values in bold are those significantly different from 
wild-type protein. 
b
 The equilibrium dissociation constants for LacI»operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1, 
0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5xl0"12M. 
c
 The equilibrium dissociation constants for LacI»operator DNA were measured as 
described in the presence of 1 mM IPTG 
d
 Oxidized-state repressor 
e
 Reduced-state repressor 
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Figure 4.12: IPTG binding curves for wild-type Lad and D149C/S193C exposed to 
oxidizing and reducing conditions. Wild-type Lad binding is represented by a dotted 
line in each panel for comparison. IPTG binding experiments were in fluorescence 
buffer with protein concentration at 1.5 x 10"7 M monomer as described in Materials and 
Methods. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments are presented in Table 4.13. 
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Figure 4.13: Operator release curves for wild-type Lad and D149C/S193C exposed 
to oxidizing and reducing conditions. Wild-type Lad binding is represented by a dotted 
line in each panel for comparison. Operator release assays were carried out in FB buffer 
with 100 ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M as 
described in Materials and Methods. The curves shown were generated by fitting the data 
using Igor Pro. Results from multiple experiments are presented in Table 4.13. 
Table 4.13 - Inducibility of oxidized- and reduced-D149C/S193Ca 
WTLacI (Oe) 
WTLacI(Rf) 
D149C/S193C (O) 
D149C/S193C (R) 
IPTG binding6 
Kd (M x 106) 
1.9 ±0.2 
1.2 ±0.1 
2.0 ±0.2 
2.6 ± 0.2 
Operator release0 
[IPTG]mid(Mx 
1.7 ±0.2 
2.3 ±0.4 
31 ±2.7 
3.0 ± 0.2 
10b) 
Induction Ratiod 
[ I P T G W ^ 
0.9 ±0.1 
1.9 ±0.2 
16 ±2.0 
1.2 ±0.1 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. Values in bold are those significantly different from wild-type 
protein. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was fixed at 
1.5xl0"7M. 
c
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/rnL of bovine serum albumin. DNA concentration was at least 10-fold below KA, and 
protein concentration was ~ 80% of maximal DNA binding. 
d
 The induction ratio is given by the ratio of [IPTGJnud to the KA for inducer binding. 
Repressors with a ratio higher than wild-type have a potential block in allosteric 
communication 
e
 Oxidized-state repressor 
f
 Reduced-state repressor 
4.5 Discussion 
In different ligand-bound structures, distinct interactions are observed between D149 
or S193 and other surrounding amino acids. For example, the IPTG-bound Lad structure 
evinces at least one hydrogen bond between the R197 polypeptide backbone and the 
SI93 backbone or side chain (Lewis et al, 1998). In the operator-bound conformation, 
backbone hydrogen bonds are present between D149 and L128/Y126 (Bell and Lewis, 
2000). The double mutant D149A/S193A was designed to explore the importance of 
hydrogen bond formation by precluding the side-chain contribution at these positions. 
Interestingly, the double-alanine substitution does not affect binding properties of Lad, 
with operator binding and release properties similar to the wild-type protein. Loss of 
hydrogen bond capacity may be compensated by the proximal alanine-alanine 
hydrophobic interaction to promote allosteric signaling. 
D149 is at the start of a loop (residues 149-156), for which the flexibility was 
postulated to be a key factor in the structural transition (Flynn et al, 2003). The TMD 
results for Lad indicate that mobility in this loop accompanies the early steps in 
propagating the inducer-binding signal from the binding pocket to the DNA-binding site 
(Flynn et al, 2003). To reduce flexibility within this region, residues that could form a 
disulfide bond were introduced by converting residues 149 and 193 to cysteines. This 
double-cysteine mutant indeed forms a disulfide bond between residues 149 and 193, and 
this variant binds with wild-type affinity to both operator and inducer. However, the 
D149C/S193C protein exhibits diminished impact of inducer binding on operator affinity 
102 
compared to wild-type Lad and has an induction ratio ~9, over 6-fold greater than 
wild-type Lad and other mutants, including the single substitutions D149C and S193C. 
To confirm that disulfide bond formation was the basis for the change in induction 
ratio, D149C/S193C was exposed to conditions designed to "push" towards either the 
oxidized- or reduced-state. Oxidized-D149C/S193C displays an even higher induction 
ratio (-16) than the protein as purified from bacterial cells (~9), whereas the 
reduced-state double mutant displays an induction ratio near that for wild-type Lad. This 
substantial difference between oxidized- and reduced-D149C/S193C is consistent with 
the hypothesis that flexibility in the 149-156 region is necessary for signal transmission at 
the initial stage of the allosteric transition in response to inducer binding. 
Limited motions at either position 149 or 193 in the double-cysteine mutant 
D149C/S193C may influence various interactions with other residues. The TMD 
simulation indicates that D149 also forms a hydrogen bond with the backbone of F161, 
just before the flexible loop is stabilized by interaction with S193 (Flynn et al, 2003). 
F161 is located in the center of a hydrophobic cluster that also experiences a high degree 
of mobility during the simulation. If interaction with F161 is impaired, the function of the 
entire hydrophobic cluster during the allosteric transition may be compromised. Further, 
the intermediate state of TMD simulation reveals the side chain of D149 transiently flips 
towards residue N125, which provides the opportunity to form a hydrogen bond between 
side chains of D149 and N125 during the process of transmitting the IPTG binding signal 
to the DNA-binding domain (Flynn et al, 2003). However, an interaction between 
residues 149 and 125 is not present in the extreme DNA- and IPTG-bound conformations 
(Lewis et al, 1996; Bell and Lewis, 2000). 
For SI93, a hydrogen bond between side chains of residues SI93 and R197 is 
observed in the DNA-bound structure (Bell and Lewis, 2000). During TMD simulation, 
this side-chain bond breaks, and new hydrogen bonds are generated between the 
backbone of R197 and side chain or backbone of S193 (Flynn et al., 2003). However, the 
interaction between these side chains is not resumed in the inducer-bound structure, 
indicating its importance only in the DNA-bound conformation. Interactions between 
D149 or S193 and other amino acids may contribute to allosteric regulation in Lad, but 
the double-cysteine mutant D149C/S193C limits the movement of these residues, which 
may consequently affect the conformational change. Which of these interactions 
individually or in combination is crucial for the structural shifts that are responsible for 
allostery is not discernible from these data. However, the importance of flexibility in this 
region is clearly evident. 
Protein flexibility appears to play a general role in propagating a signal from a 
localized perturbation (e.g., ligand binding or point mutation), allowing long-range 
communication that is fundamental to many protein functions (e.g., Clarkson and Lee, 
2004; Yu and Koshland, 2001). In Lad, substitution of other residues in this 
solvent-exposed flexible loop results in altered inducer and operator binding affinities 
(Swint-Kruse et al, 2003). Thus, residues in this flexible loop appear to contribute to 
allosteric regulation, perhaps by impacting the range and nature of structural states 
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available to the protein. 
In this chapter, two double mutants described herein provide specific insight into the 
role of D149 and SI93 in Lad allosteric response. The experimental results demonstrate 
that impeding mobility in the D149/S193 region by disulfide bond formation interrupts 
allosteric signal transmission from the IPTG-binding pocket to the DNA-binding domain 
without significantly affecting BPTG or operator binding constants. Integration of 
biochemical examination of Lad variants with structural analysis and computational 
simulation provides an important avenue to complete our understanding of allosteric 
communication within Lad. 
Chapter 5 
Characterization of double mutants (Part II): 
V150C/V192C, S151C/V192C and N125C/D149C 
5.1 Introduction 
5.1.1 Double mutants V150C/V192C and S151C/V192C 
The results for the double-cysteine mutant D149C/S193C characterized in Chapter 4 
support the hypothesis that flexibility in the 149/193 region is necessary for signal 
transmission at the initial stage of the allosteric transition in response to inducer binding. 
To validate the importance of flexibility in the D149/S193 region, adjacent paired 
residues that have potential to form disulfide bonds were selected to limit motional 
flexibility. Residues in the flexible loop (residues 149 to 156) were examined, and two 
sets of residues, V150/V192 and S151/V192, are good candidates to form a disulfide 
bond with sites adjacent to D149 and S193 (Figure 5.1). In both operator- and 
IPTG-bound Lad structures, the distances between the Ca atoms of 150 and 192 as well 
as 151 and 192 are within a range favorable for disulfide formation (Table 5.1) (Tiebel et 
al, 1998). The anticipated disulfide bonds in these new mutants are very close to that 
formed in D149C/S193C and might also be expected to limit the movement of the 
flexible loop that includes residues 150 and 151. 
B 
Figure 5.1: Detailed view around D149/S193 region. (A) The Osym ONPFLacI structure 
(lefa, Bell and Lewis, 2000). (B) The IPTGLacI structure (llbh, Lewis et al, 1996). 
Residues 149,150,151,192 and 193 are highlighted by sticks. 
Table 5.1 - Predicted distances of engineered disulfides8 
AC„(A) ACp(A) 
V150V192(lLBHb) 
V150V192(1EFAC) 
S151V192(lLBHb) 
S151V192(1EFAC) 
6.09 
5.83 
7.03 
6.50 
5.10 
5.11 
5.55 
5.90 
a
 The favorable distance for disulfide formation upon mutation to cysteine residues: 
AC„ 4.6-7.4 A. 
b
 Structure llbh from Lewis et al., 1996. 
c
 Structure lefa from Bell and Lewis, 2000. 
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5.1.2 N125C/D149C double mutant 
In addition to V150C/V192C and S151C/V192C, another double-cysteine mutant 
N125C/D149C is introduced in this chapter. The intermediate state of the TMD 
simulation from operator-bound to inducer-bound Lad reveals the side chain of D149 
transiently flips towards residue N125 during the conformational change (Figure 5.2C) 
(Flynn et al, 2003). The movement of D149 provides the opportunity to form a hydrogen 
bond between side chains of D149 and N125 during the process of transmitting the IPTG 
binding signal to the DNA-binding site. However, this interaction between residues 149 
and 125 is not present in the extreme DNA- and IPTG-bound conformations (Figure 5.2A 
and B) (Lewis et al, 1996; Bell and Lewis, 2000). The distances between the Ca atoms of 
125 and 149 in both operator- and IPTG-bound Lad structures would allow forming a 
disulfide bond (Table 5.2) (Tiebel et al, 1998). As discussed in Chapter 4, the interaction 
between D149 and N125 was hypothesized to contribute to the LacI allosteric signal 
transition, and N125C/D149C was therefore generated to explore the potential for a 
disulfide bond between them to "fix" a structure mid-way in the allosteric interaction. 
Figure 5.2: Detailed view of N125/D149 region. (A) In OsymONPFLacI structure (lefa) 
(Bell and Lewis, 2000). (B) In IPTGLacI structure (llbh) (Lewis etal, 1996). (C) In the 
intermediate state in TMD simulation (Flynn et al, 2003). Residues 125 and 149 are 
highlighted by sticks. Note the side chain of D149 points to a position neither close to the 
OsvmONPFLacI state nor to the IPTG'LacI state. 
Table 5.2 - Predicted distances of engineered disulfides between 
125andl49a 
AC„(A) ACp(A) 
N125 D149 (lLBHb) 5.67 5.94 
N125 D149 (1EFAC) 5.50 5.76 
a
 The favorable distance for disulfide formation upon mutation to cysteine residues: 
ACa 4.6-7.4 A. 
b
 Structure llbh from Lewis et al., 1996. 
c
 Structure lefa from Bell and Lewis, 2000. 
5.2 Double mutant V150C/V192C 
5.2.1 Properties of single mutants V150C and V192C 
In order to understand characteristics of the double mutant VI50C/V192C, properties 
of the single mutants V150C and V192C need to be examined first. From the 
experimental data, V150G displays comparable operator binding affinity to wild-type 
Lad, and V192C shows ~2-fold decreased affinity in the absence of IPTG; in the 
presence of high concentration of IPTG, both V150C and V192C exhibit response to 
IPTG binding similar to wild-type (Figure 5.3 and 5.4; Table 5.3). Also, V150C shows 
~2-fold increased inducer binding affinity, whereas V192C exhibits inducer binding 
~2-fold less than wild-type Lad (Figure 5.3 and 5.4; Table 5.4). In operator release 
110 
experiments, V150C exhibited release pattern similar to wild-type LacI, whereas V192C 
released DNA as expected from the binding Kd, at ~2-fold lower IPTG concentration than 
wild-type LacI (Figure 5.3 and 5.4; Table 5.4). Their induction ratios, given by the 
mid-point of operator release ([IPTG]mid) over K& for inducer binding, are in the 
wild-type range (Table 5.4). 
Figure S3: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for V150C. Wild-type LacI binding is represented by a dotted line in each panel for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10'7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments are presented in Table 5.3 and Table 5.4. 
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Figure 5.4: (A) Operator binding, (B) IPTG binding, and (C) operator release curves for 
V192C. Wild-type Lad binding is represented by a dotted line in each panel for comparison. 
Experimental details are same as in Figure 5.3. Results from multiple experiments are 
presented in Table 5.3 and Table 5.4. 
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Table 5.3 - Operator binding affinity of V150C and V192Ca 
Operator bindingb +IPTGC 
£ d (MxlO n ) KdCMxlO11) 
WTLacI 2.2 ±0.2 > 10000 
V150C 2.4 ±0.2 > 10000 
V192C 5.0 ±0.4 > 10000 
a
 Each value and standard deviation was generated by fitting at least three 
independently generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for Lad • operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4,0.15 M 
KC1,0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum 
albumin. DNA concentration was 1.5xl012M. 
c
 The equilibrium dissociation constants for LacI#operator DNA were measured as 
described in the presence of 1 mM IPTG 
Table 5.4 - Inducibility of V150C and V192Ca 
JPTG bindingb Operator release0 Induction Ratiod 
KA (M x 106) [IPTGlnud (M x 106) [ IPTGW KA 
WTLacI 1.5 ±0.2 2.2 ±0.2 1.5 ±0.2 
V150C 0.8 ±0.1 2.0 ±0.2 2.5 ±0.3 
V192C 2.8 ±0.3 5.2 ±0.4 1.9±0.2 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was fixed at 
1.5xl0"7M. 
c
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below KA, and 
protein concentration was ~ 80% of maximal DNA binding. 
d
 The induction ratio is given by the ratio of [IPTGlmid to the Kd for inducer binding. 
Repressors with a ratio higher than wild-type have a potential block in allosteric 
communication. 
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5.2.2 Double mutant V150C/V192C 
5.2.2.1 Determination of number of cysteines 
To examine if the disulfide bond is actually formed between residues 150 and 192, die 
number of free cysteines per monomer in V150C/V192C was determined by Ellman's 
reaction in 6 M urea. Surprisingly, Ellman's reaction suggests that this native double 
mutant is primarily in the reduced state, since the ratio of [TNB] over [monomer protein] 
is 4.5 ± 0.1. Even with conditions that favor oxidation, 4.2 ± 0.1 free cysteines are 
obtained for V150C/V192C, demonstrating that the disulfide bond is only partially 
formed between these two designed cysteines. This result may occur because the 
structural environment around residue 150 and 192 is not favorable for disulfide 
formation. 
5.2.2.2 Properties of V150C/V192C 
The double mutant V150C/V192C displays near wild-type operator binding affinity 
in the absence of IPTG; in the presence of 1 mM LPTG, V150C/V192C exhibits 
significant sensitivity for IPTG binding, comparable to wild-type Lad (Figure 5.5; Table 
5.5a). Also, V150C/V192C shows normal IPTG binding affinity as well as ~2-fold 
increased operator release values, resulting in an induction ratio for this Lad mutant 
~2-fold greater than wild-type Lad (Figure 5.5; Table 5.5b). Since the disulfide bond is 
not formed between residue 150 and 192, the experimental data of this double mutant 
would be anticipated to be a combination of single mutants V150C and V192C as found 
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experimentally (Table 5.3 and 5.4). Thus, this mutant LacI provides little information on 
role of the mobility of the flexible loop on LacI allostery. 
Figure 5.5: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for V150C/V192C. Wild-type LacI binding is represented by a dotted line in each panel for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10"7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments are presented in Table 5.5. 
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Table 5.5a - Operator binding affinity of V150C/V192Ca 
Operator bindingb +IPTGC 
£ d ( M x l O n ) ^ d ( M x l O u ) 
WTLacI 2.2 ±0.2 > 10000 
V150C/V192C 3.5 ±0 .3 > 10000 
Table 5.5b - Inducibility of V150C/V192C 
WTLacI 
V150C/V192C 
IPTG bindingd 
Kd(Mx 106) 
1.5 ±0.2 
1.3 ±0.2 
Operator release6 
[IPTGW, (M x 106) 
2.2 ±0.2 
4.2 ±0.4 
Induction Ratiof 
[ IPTGW tfd 
1.5 ±0.2 
3.2 ±0.4 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for Lad • operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5 x 10"12 M. 
c
 The equilibrium dissociation constants for Lad • operator DNA were measured as 
described in the presence of 1 mM IPTG 
d
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
fluorescence buffer. Protein concentration was fixed at 1.5 x 10"7 M. 
e
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below Kd, and 
protein concentration was ~ 80% of maximal DNA binding. 
f
 The induction ratio is given by the ratio of [IPIXjJmJd to the Kd for inducer binding. 
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5.3 Double mutant S151C/V192C 
5.3.1 Properties of single mutant S151C 
The single mutant S151C displays slightly decreased operator binding affinity in the 
absence of IPTG; in the presence of 1 mM IPTG, S151C shows the same binding pattern 
as wild-type Lad (Figure 5.6; Table 5.6a). For IPTG binding affinity and operator release, 
S151C has essentially wild-type values, resulting in almost the same induction ratio as 
wild-type LacI (Figure 5.6; Table 5.6b). 
Figure 5.6: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for S151C. Wild-type LacI binding is represented by a dotted line in each panel for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10"7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments and experimental details are presented in Table 5.6. 
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Table 5.6a — Operator binding affinity of S151Ca 
Operator bindingb +IPTG0 
KA (M xlO11) KA (M x 10n) 
WTLacI 2.2 ±0.2 > 10000 
S151C 4.6 ±0.4 > 10000 
Table 5.6b — Inducibility of S151C 
WTLacI 
S151C 
IPTG binding" 
Kd (M x 106) 
1.5 ±0.2 
1.1 ±0.1 
Operator release0 
[IPTGW, (M x 106) 
2.2 ±0.2 
1.5 ±0.2 
Induction Ratiod 
[ IPTGW*k 
1.5 ±0.2 
1.4 ±0.2 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for LacI»operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5 x 10"12 M. 
c
 The equilibrium dissociation constants for LacI»operator DNA were measured as described 
in the presence of 1 mM IPTG 
d
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
fluorescence buffer. Protein concentration was fixed at 1.5 xlO"7M. 
e
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below Kd, and 
protein concentration was ~ 80% of maximal DNA binding. 
f
 The induction ratio is given by the ratio of [IPTGlmJd to die Kd for inducer binding. 
5.3.2 Double mutant S151C/V192C 
5.3.2.1 Determination of number of cysteines 
The number of free cysteines per monomer in the double mutant S151C/V192C was 
determined by Ellman's reaction in 6 M urea as well. In contrast to V150C/V192C, 
Ellman's reaction suggests that this native double mutant is in the oxidized state, since 
the ratio of [TNB] over [monomer protein] is 3-3 ± 0.1. The results of this chemical 
modification assay demonstrate that the disulfide bond is formed between two designed 
cysteines. This interaction would be anticipated to limit the mobility of the flexible loop, 
though potentially in a different way than D149C/S193C. 
5.3.2.2 Properties of S151C/V192C 
The double mutant S151C/V192C displays slightly decreased operator binding 
affinity in the absence of IPTG; in the presence of 1 mM IPTG, S151C/V192C exhibits 
significantly reduced affinity for operator binding in the range of protein concentrations 
examined, comparable to wild-type Lad (Figure 5.7; Table 5.7a). Also, S151C/V192C 
shows ~2-fold decreased IPTG binding affinity as well as ~2-fold decreased operator 
release values, resulting in inducibility for this Lad mutant close to wild-type Lad 
(Figure 5.7; Table 5.7b). From Ellman's reaction, the native form of S151C/V192C is in 
the oxidized state, i.e. the disulfide bond between residues 151 and 192 is formed. The 
experimental results of S151C/V192C suggest that allosteric response is not affected by 
this engineered disulfide bond, in contrast to D149C/S193C. 
Figure 5.7: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for S151C/V192. Wild-type Lad binding is represented by a dotted line in each panel for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10"7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments and experimental details are presented in Table 5.7. 
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Table 5.7a — Operator binding affinity of S151C/V192Ca 
Operator bindingb +IPTGC 
Kd (M xlO11) Kd (M x 1011) 
WTLacI 2.2 ±0 .2 > 10000 
S151C/V192C 4.7 ±0 .4 > 10000 
Table 5.7b — Inducibility of S151C/V192Ca 
WTLacI 
S151C/V192C 
IPTG binding* 
Kd (M x 106) 
1.5 ±0.2 
2.8 ±0.4 
Operator release6 
[IPTG]™,, (M x 106) 
2.2 ±0.2 
4.5 ±0.4 
Induction Ratiof 
[ f fTGW Kd 
1.5 ±0.2 
1.6 ±0.1 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for Lad • operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5 x 10"12 M. 
c
 The equilibrium dissociation constants for Lad • operator DNA were measured as 
described in the presence of 1 mM IPTG 
d
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
fluorescence buffer. Protein concentration was fixed at 1.5 x 10"7 M. 
e
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below KA, and 
protein concentration was ~ 80% of maximal DNA binding. 
f
 The induction ratio is given by the ratio of [IPTG]™,! to the KA for inducer binding. 
5.4 Double mutant N125C/D149C 
5.4.1 Properties of single mutant N125C 
The single mutant N125C displays ~2.5-fold decreased operator binding affinity in 
the absence of IPTG; in the presence of 1 mM IPTG, it displays the same pattern as 
wild-type Lad (Figure 5.8; Table 5.8a). N125C also displays near wild-type IPTG 
binding affinity and operator release values, resulting in an induction ratio for this Lad 
variant is just over mat for wild-type LacI (Figure 5.8; Table 5.8b). 
Figure 5.8: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for N125C. Wild-type LacI binding is represented by a dotted line in each figure for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10"7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments and experimental details are presented in Table 5.8. 
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Table 5.8a — Operator binding affinity of N125Ca 
Operator bindingb +IPTGC 
Kd (M xlO11) Kd (M x 10") 
WTLacI 2.2 ±0 .2 > 10000 
N125C 5.2 ±0 .4 > 10000 
Table 5.8b — Inducibility of N125C* 
WTLacI 
N125C 
IPTG binding* 
Kd (M x 106) 
1.5 ±0.2 
1.4 ±0.2 
Operator release0 
[IPTGUc (M x 106) 
2.2 ±0.2 
3.3 ±0.4 
Induction Ratiod 
[ I P T G W £ i 
1.5 ±0.2 
2.3 ± 0.3 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for Lacl'operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5xl01 2M. 
c
 The equilibrium dissociation constants for LacI«operator DNA were measured as 
described in the presence of 1 mM IPTG 
d
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
fluorescence buffer. Protein concentration was fixed at 1.5 xlO~7M. 
e
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below K&, 
and protein concentration was ~ 80% of maximal DNA binding. 
f
 The induction ratio is given by the ratio of [IPTGJImJd to the K& for inducer binding. 
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5.4.2 Double mutant N125C/D149C 
5.4.2.1 Determination of number of cysteines 
To assess whether a disulfide bond between residues 125 and 149 is formed, the 
number of free cysteines per monomer in N125C/D149C was determined by Ellman's 
reaction in 6 M urea. Ellman's reaction suggests that this native double mutant is mostly 
in the reduced state, since the ratio of [TNB] over [monomer protein] is 4.4 ±0.1. Even 
with conditions that favor oxidation, 3.9 ±0.1 free cysteines are obtained for 
N125C/D149C. The results of Ellman's test demonstrate that the disulfide bond is not the 
preferred form between these two designed cysteines. 
5.4.2.2 Properties of N125C/D149C 
The double mutant N125C/D149C exhibits ~2.5-fold decreased operator binding 
affinity in the absence of IPTG; in the presence of 1 mM IPTG, N125/D149C displays 
reduced sensitivity to IPTG binding, compared to wild-type Lad (Figure 5.9; Table 5.9a). 
This pattern is similar to D149C single mutant as presented in Chapter 3. For IPTG 
binding, affinity of this variant is decreased by ~3.5-fold. In operator release assays, the 
[IPTGJmid value is increased by ~6-fold. The induction ratio of N125C/D149C, however, 
is less than 2-fold different from wild-type Lad. 
130 
Figure 5.9: (A) Operator binding, (B) IPTG binding, and (C) operator release curves 
for N125C/D149C. Wild-type Lad binding is represented by a dotted line in each panel for 
comparison. Operator binding and release assays were carried out in FB buffer with 100 
ug/mL of bovine serum albumin with DNA concentration at 1.5 x 10"12 M, whereas IPTG 
binding experiments were in fluorescence buffer with protein concentration at 1.5 x 10"7 M 
monomer as described in Materials and Methods. For operator binding curves, fraction DNA 
bound in the absence of IPTG is shown by filled circles and in the presence of 1 mM IPTG 
by open circles. The curves shown were generated by fitting the data using Igor Pro. Results 
from multiple experiments and experimental details are presented in Table 5.9. 
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Table 5.9a — Operator binding affinity of N125C/D149C8 
Operator bindingb +IPTG0 
Kd (M xlO11) Kd (M x 10 n) 
WTLacI 2.2 ±0.2 > 10000 
N125C/D149C 5.2 ±0.5 > 1000 
Table 5.9b — Inducibility of N125C/D149Ca 
WTLacI 
N125C/D149G 
IPTG bindingd 
Kd (M x 106) 
1.5 ±0.2 
5.2 ±0.4 
Operator release6 
[IPTGW, (M x 106) 
2.2 ± 0.2 
13 ±1.0 
Induction Ratiof 
[IPTGW. Ak 
1.5 ±0.2 
2.5 ± 0.3 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for LacI»operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer with 100 ug/mL of bovine serum albumin. 
DNA concentration was 1.5 x 10"12 M. 
c
 The equilibrium dissociation constants for Lacl'operator DNA were measured as described 
in the presence of 1 mM IPTG 
d
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
fluorescence buffer. Protein concentration was fixed at 1.5 x 10"7 M. 
e
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below KA, and 
protein concentration was ~ 80% of maximal DNA binding. 
f
 The induction ratio is given by the ratio of [IPTGJmid to the K& for inducer binding. 
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5.5 Discussion 
In this chapter, three double-cysteine mutants, V150C/V192C, S151C/V192C and 
N125C/D149C were generated and characterized. These double mutants were utilized to 
study the role of 149/193 region and the flexible loop (residues 149-156) in Lad allostery. 
Single mutants (V150C, V192C, S151C and N125C) required to compose these double 
mutants were also examined. All of the single mutants exhibited operator and IPTG 
binding affinities as well as operator release values within ~2-fold of wild-type Lad 
properties. The induction ratios for these single mutants are comparable to wild-type Lad, 
indicating that allosteric regulation is not affected by introducing single substitutions. 
The main purpose of constructing double-cysteine mutants is to form disulfide bonds 
between desired positions. Since residues 150 and 151 are located in the flexible loop, 
engineered disulfide bonds in V150C/V192C and/or S151C/V192C could constrain its 
mobility and therefore validate the importance of the flexibility in this region for 
allosteric regulation in Lad. Interestingly, Ellman's reaction suggests that the desired 
disulfide bond between mutated residues is not formed in V150C/V192C or 
N125C/D149C, whereas this bond is formed in S151C/V192C. Although the backbone 
distance between all the paired amino acids is in the range favorable to form the disulfide 
bond, the ability to form a disulfide bond can be affected by many other factors, including 
the structural environment of specific amino acids. Based on the available crystal 
structures of both IPTG- and operator-bound states (Lewis etal, 1996; Bell and Lewis, 
2000), cysteine can be artificially mutated at a desired position using PyMOL 
(http.V/www.pymol.org/), and the possible configuration can be described. In both 
conformations, the side chains of introduced cysteines at residues 150 and 192 point in 
opposite directions (Figure 5.10), explaining why these residues do not form a disulfide 
bond. However, the cysteine side chains at positions 151 and 192 point towards each 
other, providing opportunity to form a disulfide bond (Figure 5.10). The structural 
analysis suggests that a disulfide bond would be favored in S151C/V192C, but not in 
V150C/V192C, which is consistent with the results of Ellman's reaction. 
Figure 5.10: PyMOL-generated structure with mutated cysteines at positions 150,151 
and 192. (A) OsymONPFLacI state (lefa, Bell and Lewis, 2000); (B) PIPTGLacI state 
(llbh, Lewises al., 1996). 
Since a disulfide bond is not formed between residues 150 and 192, the properties for 
double-cysteine mutant V150C/V192C would be expected to represent a simple 
combination of those for single constituent mutants. Not surprising, die experimental data 
for V150C/V192C display mixed properties of both V150C and V192C. This double 
mutant basically exhibits wild-type parameters for operator binding, IPTG binding, and 
operator release. Note that the mobility of the flexible loop is therefore not constrained in 
V150C/V192C. 
In contrast, Ellman's reaction reveals that S151C/V192C is in oxidized state with a 
presumed partial disulfide bond formed between residues 151 and 192. The mobility of 
the flexible loop should be limited in this situation. Interestingly, S151C/V192C displays 
comparable wild-type properties in operator binding, IPTG binding and operator release 
as well. Compared to the data for D149C/S193C, which exhibits an elevated induction 
ratio, S151C/V192C behaves just like wild-type Lad. The data suggest that allosteric 
regulation is not influenced by an engineered disulfide bond between 151 and 192, and 
the backbone movement of the entire flexible loop appears not to be the critical element 
for the allosteric transition. The functional difference between D149C/S193C and 
S151C/V192C must relate to movement involving the 149/193 backbone or side chains 
rather than the entire flexible loop. 
The third double cysteine mutant characterized in this chapter is N125C/D149C. 
Results of Ellman's reaction demonstrated that the disulfide bond is not easily formed 
between side chains of residues 125 and 149. Structure analysis also indicates that 
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mutated cysteines at position 125 and 149 point in different directions, impeding disulfide 
bond formation (Figure 5.11). From the experimental data, the properties of 
N125C/D149C are the combination of single mutants N125C and D149C. However, the 
potential for D149 side chain interaction with N125 during the allosteric transition may 
still account for the unique behavior of D149C/S193C. To further understand the results 
of V150/V192, S151C/D149C and N125/D149 double mutants, other methods were 
utilized to explore die conformational change pathway. 
B 
Figure 5.11: PyMOL-generated structure with mutated cysteines at positions 125 and 
149. Note that mutated cysteines at position 125 and 149 point in opposite direction. (A) 
OsymONPFLacI state (lefa, Bell and Lewis, 2000), (B) BPTGLacI state (llbh, Lewis et al, 
1996). 
Chapter 6 
Molecular dynamic simulations of lac repressor 
allostery and opportunities for future experiments 
6.1 Introduction 
In 2003, targeted molecular dynamics (TMD) simulation (Schlitter et al., 1993; Ma 
and Karplus, 1997) was utilized to model the dynamic conformational change from the 
operator-bound to die inducer-bound state in Lad (Flynn et al, 2003). The TMD 
simulation requires known structures for both starting and ending points and is suitable 
for modeling large biological systems. The advantage of using TMD simulation is that it 
forces the starting structure to the target one on a timescale of several hundred 
picoseconds, compared to microseconds in conventional molecular dynamics simulations 
(Flynn et al, 2003). The features of TMD provide an opportunity to study the detailed 
atom-by-atom allosteric transition of lac repressor. The results from the simulation are in 
excellent agreement with previous biochemical, biophysical and phenotypic experimental 
results (Chang et al, 1994; Nichols and Matthews, 1997; Barry and Matthews, 1999). 
More importantly, the simulation results provide new insights into the progress of the 
allosteric transition in Lad and identify specific residues along three interconnected 
pathways (Figure 6.1). 
Figure 6.1: (A) Backbone representation of the core domains of Lad dimer in the 
Osym-ONPFLacI structure (lefa) (Bell and Lewis, 2000). Side chains of key residues in 
the simulation are highlighted by yellow sticks. The N-subdomain monomer-monomer 
interface is highlighted in red; flexible loops, in cyan; and interconnecting strands of the 
core pivot, in pink. The chloride anion is represented by a yellow ball between the 
N-subdomians. The asterisk locates one of the inducer-binding pockets. (B) The structures 
of five representative time points along the simulated trajectory were aligned using the Ca 
residues of the stationary C-subdomains. The structures are colored as follows: red (0 
psec), yellow (60 psec), green (110 psec), blue (160 psec), and purple (210 psec). The 
flexible loop (residues 149-156) is enclosed by a dotted circle. The directionality of 
pathways is illustrated by arrows. Both figures are from Flynn et al., 2003. 
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Figure 6.1 
The 149/193 region was hypothesized to play a critical role in the initial stages of 
propagating the message of inducer-binding through the N-subdomain of Lad to the 
DNA binding domain by TMD. The importance of this region was confirmed by the 
series of biochemical and biophysical experiments presented in Chapters 4 and 5. The 
experimental results demonstrate that impeding mobility in the D149/S193 region by 
disulfide bond formation interrupts allosteric signal transmission from the IPTG-binding 
pocket to the DNA-binding domain without significantly affecting IPTG and operator 
binding. However, an adjacent disulfide bond did not affect allosteric behavior, 
suggesting that other mechanisms may account for D149C/S193C response to inducer 
binding. 
To better understand the mechanism of lac repressor allostery and explore 
intramolecular interaction in the D149/S193 region, a molecular dynamics simulation 
was carried out using stochastic boundary molecular dynamics (SBMD) (Brooks and 
Karplus, 1983). The SBMD method is widely used in the study of biological systems and 
has been demonstrated to yield a reasonable description of active site dynamics and 
interactions (Brunger et al, 1985; Brooks and Karplus, 1989; Cox et ai, 2003). The main 
advantage of SBMD is that we can focus on only the localized region without 
compromising the quality of the model for the solvent directly surrounding it. Under this 
condition, the active region is examined using explicit water molecules, whereas the rest 
of the protein is treated implicitly. The sample in this simulation is only composed of 102 
to 104 particles instead of ~1023 particles in other methods for dynamic simulation 
(Brooks and Karplus, 1983). Here, we focused on the D149/S193 region that was 
suggested to be involved in the allosteric change by both TMD simulation and 
experimental data. A portion of the protein (a 16 A sphere) is partitioned from the whole 
system, focused on the center of D149 and S193 (Figure 6.2). The objective of this 
simulation is to provide a dynamic description and generate a better understanding of the 
residues that contribute to the allosteric signal transition in Lad. 
Figure 6.2: (A) The monomer structures of LacI in both Osym-ONPF-LacI state (lefa, 
black) (Bell and Lewis, 2000) and IPTGLacI state (llbh, wheat) (Lewis etal, 1996). The 
region examined by SBMD is highlighted by the red circle in panel A and is centered at 
the midpoint between residues 149 and 193. (B) The actual structure of this 16 A sphere 
with added water utilized in SBMD. The yellow residues are D149 and SI93. Water 
molecules are filled in the empty space to form a sphere. 
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6.2 Results 
The SBMD simulation results for the LacIHTG structure (llbh) (Lewis et al, 1996) 
are reported here. To probe further the role of D149 and S193 in the allosteric transition, 
simulations of a system with D149 and S193 replaced with cysteines were performed as 
well as wild-type Lad. Our hypothesis was that this region would be more rigid in 
D149C/S193C since a disulfide bond is formed between these two residues. We analyzed 
key inter-residue distances in this region. The most spectacular change observed involves 
the distance between D149 and N125. By summarizing results from repeated trajectories, 
in wild-type Lad there is a clear tendency for the side chain of D149 to move towards 
N125 and for the side chains to potentially form a hydrogen bond during the period of 
this simulation. However, toward the end of the simulation, the side chain of D149 tends 
to either move back to a similar position as found at the beginning and reform a hydrogen 
bond linkage with SI93 (Figure 6.3A) or these three residues maintain a balanced system 
so that both D149/S193 and D149/N125 are engaged hydrogen bonds at the same time 
(Figure 6.3B). 
Figure 6.3: Analysis of the distances between the residues in IPTG'LacI structure 
(llbh, Lewis et al, 1996). (A): trajectory 1; (B): trajectory 4. Black line: distance between 
the side chains of mutated cysteine residues in the D149C/S193C mutant. Red line: 
distance between the side chains of D149 and SI93 in the wild-type structure. Green line: 
distance between the side chains of N125 and D149 in the wild-type structure. Part of the 
trajectory is highlighted in the enlarged figure to show the distance between N125 and 
D149 is closer during the process of the simulation, indicating a potential to form a 
hydrogen bond between them. 
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The structure of V150C/V192C was also predicted and SBMD simulation was 
performed for V150C/V192C. A disulfide bond is artificially formed in the 
VI50C/V192C structure for the simulation. By looking through all the data from the 
simulation, we compared the fluctuation of the backbone in wild-type Lad and different 
mutants. The fluctuation of the backbone is represented by the error term in Table 6.1. We 
noticed that the fluctuations of distance between backbones of 149 and 193 (denoted in 
the standard deviation) are different between wild-type Lad (0.29 run) and 
D149C/S193C (0.14 nm), indicating the relative movement of the backbone at these 
positions is quite different in these two structures (Figure 6.4A and 6.4B; Table 6.1). This 
result is expected since a disulfide bond is introduced between residues 149 and 193, 
limiting mobility of the backbone at position 149. However, the fluctuation of distance 
between backbones of 149 and 193 are very close in wild-type Lad (0.29 nm) and 
V150C/V192C (0.28 nm) (Figure 6.4A and 6.4B; Table 6.1). These results suggest that in 
the double mutant V150C/V192C, even if the mobility of the entire flexible loop is 
limited by disulfide bond formation, the backbone of residue 149 can still move and has 
potential to perform its natural function. 
The Cn distances between residues 149 and 125 are also compared among wild-type, 
D149C/S193C and V150C/V192C. Fluctuations of distance between 125 and 149 
backbones are similar for D149C/S193C (0.24 nm) and V150C/V192C (0.21 nm), 
whereas both are quite different from wild-type Lad (0.44 nm) (Figure 6.4C; Table 6.1). 
Notice that in the simulation, a disulfide bond is artificially formed in both D149C/S193C 
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and V150C/V192C structures. These results demonstrate that interaction between 149 
and 193 is not affected in V150C/V192C, whereas interaction between 125 and 149 may 
be influenced by limited mobility in V150/V192 region. These results suggest that 
flexibility of the backbone of position 149 is required for interaction between 125 and 
149, but not for interaction between 149 and 193. 
Table 6.1 — Distance and fluctuation of C„ backbone 
Residues 149-193 Residues 125-149 
(nm) (nm) 
Wild-type Lad 6.19 ±0.29 5.47 ±0.44 
D149C/S193C 5.99 ±0.14 6.99 ±0.24 
V150C/V192C 7.18 ±0.28 4.68±0.21 
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Figure 6.4: Analysis of fluctuation of the D149 backbone. A: Comparison of Ca 
distance between 149 and 193 in wild-type and V150C/V192C. B: Comparison of Ca 
distance between 149 and 193 in D149C/S193C and V150C/V192C. C: Comparison of Ca 
distance between 149 and 125 among wild-type, D149C/S193C and V150C/V192C. 
6.3 Discussion 
To further explore why wild-type and the D149C/S193C double mutant function so 
distinctly, a molecular dynamics simulation method was performed to compare the 
structural differences during the conformational change. SBMD was chosen as the 
simulation tool, since this method can focus on a localized region. Thus, the detailed 
description of the conformational change in 149/193 region can be achieved. One of the 
major implications of our simulation results is that residue D149 seems to assume an 
intermediate state in the wild-type structure, whereas this state is not observed in the 
D149C/S193C mutant. This intermediate involves movement of the side chain of D149 
towards N125 to form potential hydrogen bond interactions during the simulation. 
However, at the end of the simulation, based on the information gained from the two 
trajectories, D149 either breaks its interaction with N125 and reforms a hydrogen bond 
with S193 or finds a balanced position to maintain its interaction with both N125 and 
S193. In the period of the simulation, the side chain of N125 moved at least 5 A to form 
an interaction with D149. However, for the structure of the D149C/S193C double mutant, 
in which a disulfide bond was introduced artificially, the distance between residues 149 
and 193 remains constant during the whole simulation. In this case, N125 also remains 
stable in the process, and its side chain undergoes almost no movement at all. The 
difference of simulation results between wild-type and die D149C/S193C double mutant 
indicates that the interaction between D149 and N125 has potential to contribute to the 
allosteric signal transition during the structural change from one state to another. 
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Experimentally, the double mutant N125C/D149C was characterized and discussed in 
Chapter 5. Ellman's reaction suggests that the disulfide bond is not formed between 
residues 125 and 149. The properties of N125C/D149C are the combination of single 
mutants N125C and D149C. The lack of a disulfide linkage precludes clear conclusions 
regarding the role of a transient interaction between N125 and D149, since such an 
association may occur with the cysteine residues at these positions. Further experiments 
and simulations will be required to understand this potential interaction. 
The backbone fluctuations for residues of interest were analyzed and compared. First, 
in the V150C/V192C double mutant (a disulfide bond is artificially introduced between 
residues 150 and 192), limiting the movement of residues 150/192 does not affect the 
fluctuation of backbones of residues 149 and 193. In contrast, the fluctuation of distances 
between the backbone at residues 125 and 149 is altered in V150C/V192C, compared to 
wild-type Lad. However, Ellman's test demonstrates that the disulfide bond is not 
formed in V150C/V192C, so the structure of V150C/V192C applied in SBMD simulation 
does not represent the real case. The mobility of the 150/192 region is not limited in the 
experiments, and the wild-type properties of V150C/V192C are merely the combination 
of single mutants V150C and V192C. 
Combining both experimental data and simulation results, the subtle movement of 
side chains and changes in their relationships during the conformational transition appear 
to have more influence than the backbone shift. This hypothesis is consistent with our 
structural comparison between two functional states of Lad, since the backbones of these 
two states are not very different from each other. Because V150C/V192C disulfide does 
not occur, the simulation results cannot provide explanation for the experimental results. 
However, another double-cysteine mutant in the flexible loop, S151C/V192C, which 
displays wild-type properties but forms a disulfide bond between residues 151 and 192, 
would be a important mutant to explore by SBMD simulation. In die future, these results 
may advance our understanding of the role of the 149/193 region and the importance of 
the flexible loop in the LacI signal transition pathway. 
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Appendix I 
Characterization of F161 single mutants 
AI.l Introduction 
The core pivot, composed of the three strands and two loops, is a region between the 
N-subdomain and C-subdomain of the core region of the protein (Figure AI. 1). A set of 
amino acids with hydrophobic side chains in the core pivot region appears to assemble as 
an apolar cluster, which we have viewed as analogous to a "ball bearing." This region is 
located at the back of the inducer-binding pocket and includes residues F161, F293, L295, 
L296, L319, P320 and V321 (Figure AI.l). F161 is located in the center of this cluster, 
and other hydrophobic side chains assemble around it (Lewis et al., 1996). The phenyl 
side chain of F161 makes van der Waals contacts with other hydrophobic side chains 
(Figure AI. 1). Phenotypic data demonstrate that all members of the core pivot 
hydrophobic group except for L295 and P320 are significantly affected by mutations 
(Table AI.l) (Suckow et al., 1996). Among them, alteration at F161 is most significant, 
affecting repression and/or induction phenotypically. Fl61 is at the center of the 
hydrophobic environment, and it is possible that alterations at F161 influence the relative 
balance of conformations between inducer-bound and operator-bound states. Previously, 
P320A was explored by Swint-Kruse et al. (2003), showing that DNA binding is ~4-fold 
tighter than wild-type, whereas IPTG binding is unaffected. Actually, the change in the 
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side chain of P to A may lower backbone constraints of the flexible loop and decrease the 
energy barrier to conformational drift toward the operator-bound state. In addition, this 
substitution may affect interactions that P320 has with other hydrophobic residues in this 
hydrophobic cluster. 
Figure AI.l: Three-dimensional crystal structures of Lad with highlighted core pivot 
region. (A) The dimeric structure from the OsymONPF«LacI conformation (lefa, Bell and 
Lewis, 2000). One monomer is in gold, and the other in black. The three strands and two 
loops comprising the core pivot are indicated on the structure with a wider ribbon. 
Anti-inducer ONPF is represented with gray spacefilling. (B) Detailed view of the 
hydrophobic cluster in the core pivot region. Residues that belong to the cluster are 
highlighted by sticks. F161 is in the center of this group of amino acids. Data are from 
Flynnefa/,,2003. 
Table AI.1 - Phenotypic data for lac single mutantsa,b 
LEU PRO HIS TYR PHE CYS ALA GLY SER GLN LYS ARG GLU 
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^he left residues are the amino acids in the protein, the top row is the substitutions. 
Data are adapted from Suckow et al., 1996. 
bSymbols: +, repression of more than 200-fold; - +, repression of 20- to 4-fold; -, 
repression of less then 4 fold; w, weak; vw, very weak; s, lack of response to inducer; h, 
heat sensitive. 
In addition, this hydrophobic cluster was indicated by TMD to play a role in 
transmitting ligand binding information through the Lad structure (Flynn et al, 2003). At 
-90-110 ps in the simulation, a number of structural changes are observed in the core 
pivot region (Figure AI.2). A hydrogen bond is formed between residue 149 and 161, 
indicating the IPTG binding signal might transmit to the core pivot through this 
interaction. The hydrophobic cluster rotates as a group, resulting in changes of the \|/ and 
cp angles of the backbone. As a possible consequence, the side chain of F293 moves ~2 A 
closer to the side chain of F161. The simulation results suggest that the hydrophobicity of 
the core pivot, especially F161, might facilitate the conformational change during the 
allosteric signal transition. In this chapter, a series of F161 mutants was generated and 
characterized by multiple assays to investigate the role of this amino acid on Lad 
allostery. 
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Figure AI.2: Part of timeline of the allosteric transition pathway predicted by TMD 
simulation (from Flynn et al, 2003). Notice a series of structural changes in the core 
pivot region (highlighted by blue ellipses). 
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AI.2 Characterization of F161 single mutants 
AI.2.1 Operator binding affinity 
Five F161 single mutants (F161 A, V, E, Y and S) were generated and examined using 
multiple assays. For operator binding, F161V displays comparable binding affinity to 
wild-type Lad; F161A and F161Y have slightly decreased binding affinities (~2-fold). 
For F161E and F161S, a larger decrease in operator binding affinity was observed, 
compared to wild-type Lacl. In the presence of 1 mM IPTG, all the F161 single mutants 
exhibit sensitivity to inducer binding (Figure AI.3; Table AI.2). 
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Figure AI.3: Operator binding curves for wild-type Lad and single mutants. Wild-type 
Lad binding is represented by a dotted line in each panel for comparison. Equilibrium 
dissociation constants were determined by filter binding assay. Protein (1 x 10"13to 5 x 10"9) 
and operator DNA (-1.5 x Iff12 M) were diluted in FB buffer (0.01 M Tris-HCl, pH 7.4, 
0.15 M KC1,0.1 mM EDTA and 5% DMSO) with 100 ug/mL of bovine serum albumin. 
Fraction DNA bound in the absence of IPTG is shown by filled circles and in the presence 
of 1 mM IPTG by open circles. The curves shown were generated by fitting the data using 
Igor Pro. Results from multiple experiments are presented in Table AI.2. 
Table AI.2 - Operator binding affinity of F161 single mutants' 
WTLacI 
F161A 
F161V 
F161E 
F161Y 
F161S 
Operator bindingb 
KA (M xlO11) 
2.2 ±0.2 
3.5 ± 0.3 
2.4 ±0.4 
14 ±0.4 
4.9 ± 0.5 
13 ±1.0 
+IPTGC 
Kd (M x 1011) 
>10000 
>10000 
>10000 
>10000 
>10000 
>10000 
a
 Each value and standard deviation was generated by fitting at least three 
independently generated curves by Igor Pro. 
b
 The equilibrium dissociation constants for Lad • operator DNA were measured by 
nitrocellulose filter binding assays in FB buffer (0.01 M Tris-HCl, pH 7.4, 0.15 M 
KC1,0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 ug/mL of bovine serum 
albumin. DNA concentration was 1 .5xl0 I 2 M. 
c
 The equilibrium dissociation constants for Lad • operator DNA were measured as 
described in the presence of 1 mM IPTG 
AI.2.2 Inducibility of F161 single mutants 
For inducer binding affinity, F161Ahas an essentially wild-type value. F161V and 
F161E show weaker binding to IPTG, whereas F161Y and F161S display slightly tighter 
IPTG binding. As to the operator release property, [IPTGJmid values for F161V and 
F161E are increased by ~2.5-fold. In contrast, F161 A, F161Y and F161S have decreased 
[fPTGlmid values: ~3-fold for F161A, ~2-fold for F161Y and ~4-fold for F161S. The 
lower [IPTGJmid numbers indicate that these proteins are more sensitive to IPTG binding 
compared to wild-type LacI (Figure AI.4 and AI.5; Table AI.3). 
For inducibility, the induction ratios for F161V, F161E and F161Y display similar 
values to wild-type Lad. F161A and F161S both have ~2-4-fold decreased values (Table 
AI.3). It appears that most F161 mutants do not favor a state that binds to either operator 
or inducer, but at least a subset of these proteins may lower the barrier to the allosteric 
transition based on the experimental results. 
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Figure AI.4: IPTG binding curves for wild-type Lad and single mutants. Wild-type 
behavior is shown by a dotted line in each panel for comparison. IPTG binding assays were 
conducted in fluorescence buffer (0.01 M Tris-HCl, pH 7.4,0.15 M KC1) with protein 
concentration at 1.5 x 10"7 M monomer as described in Materials and Methods. Results from 
multiple experiments are presented in Table AI.3. 
I 
I 
to 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
1—8... 
•V 
N 
-
i 
\ * 
^ X J L 
, rrt-
F161S 
-x—.m... 
I J;i 
-3 
Log [IPTG] 
Figure AI.5: Operator release curves for wild-type Lad and single mutants. Wild-type 
behavior is shown by a dotted line in each panel for comparison. Operator release experiments 
were performed in FB buffer with 100 ug/mL of bovine serum albumin with DNA 
concentration at 1.5 x 10"12 M as described in Materials and Methods. Results from multiple 
experiments are presented in Table AI.3. 
Table AI.3 - Inducibility of F161 single mutants' 
WTLacI 
F161A 
F161V 
F161E 
F161Y 
F161S 
IPTG bindingb 
Kd (M x 106) 
1.5 ±0.2 
1.8 ±0.1 
4.1 ±0.3 
3.8 ±0.3 
0.8 ±0.1 
0.9 ±0.1 
Operator release0 
[IPTGlmid (M X 
2.2 ±0.2 
0.8 ± 0.2 
6.0 ±0.4 
5.2 ± 0.5 
1.2 ±0.1 
0.5 ±0.1 
106) 
Induction Ratiod 
[DPTG]mid//i:d 
1.5 ±0.2 
0.4 ±0.1 
1.5 ±0.1 
1.4 ±0.2 
1.5 ±0.1 
0.6 ±0.2 
a
 Each value and standard deviation was generated by fitting at least three independently 
generated curves by Igor Pro. 
b
 The affinity of the protein for IPTG at pH 7.4 was measured by fluorescence assays in 
buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. Protein concentration was fixed at 
1 .5xl0 7 M. 
c
 Operator release was monitored by nitrocellulose filter binding assays in FB buffer with 
100 ug/mL of bovine serum albumin. DNA concentration was at least 10-fold below Kd, and 
protein concentration was ~ 80% of maximal DNA binding. 
d
 The induction ratio is given by the ratio of [IPTGlnud to the Kd for inducer binding. 
Repressors with a ratio higher than wild-type have a potential block in allosteric 
communication. 
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AI.2.3 Urea denaturation 
Urea denaturation experiments are used to assess whether structural equilibria are 
affected by side-chain substitutions. The changes in these signals exhibited an apparent 
cooperative transition centered at ~2.8 M urea for wild-type (Barry and Matthews, 1999) 
(Table AI.4). All the single mutants at F161 display decreased stability compared to 
wild-type Lad (Figure AI.6; Table AI.4). Moreover, the slopes of these curves for F161 
single mutants are decreased (Figure AI.6). These results suggest some alteration in 
folding or assembly for F161 mutants, and these changes have the potential to affect their 
thermodynamic properties. 
Figure AI.6: Urea denaturation of wild-type and F161 single mutants. The 
protein concentration was 2 x 10"6 M monomer in a buffer of 0.1 M K2S04,0.01 M 
Tris-HCl (pH 7.4) with various concentration of urea. Data from single experiments 
are shown, and the results are summarized in Table AI.4. 
Table AI.4— Urea denaturation of F161 single mutants8 
[UreaJmidCM) 
WTLacI 2.8 ±0.02 
F161A 2.1 ±0.01 
F161V 2.1 ±0.01 
F161E 2.0 ±0.02 
F161Y 2.3 ±0.02 
F161S 2.2 ±0.02 
a
 Urea denaturation was performed as described in Materials and Methods. 
Protein concentration is -1.5 x 10"6 M monomer in buffer containing 0.01 M 
Tris-HCl, pH 7.4,0.1 M K2S04. Standard deviations shown represent a 
minimum of three measurements. 
AI.2.4 Thermodynamic cycle analysis of F161Y 
To further assess features of residue 161, thermodynamic cycle analysis was 
performed. This analysis can provide information about structural equilibrium during the 
allosteric conformational change. F161Y was chosen since this mutant displays weaker 
DNA binding and tighter IPTG binding compared to wild-type Lad. The data suggest 
that substitution witii Y at position 161 favors the IPTG-bound state. Thus, it is important 
to examine whether this functional change arises from an unbalanced structural 
equilibrium. The equilibrium dissociation constants and AG calculated for this mutant 
and wild-type LacI are listed in Table AI.5 and Table AI.6. 
Table AI.5— Equilibrium dissociation constants of F161Y 
Operator binding IPTG binding 
-IPTG 
#da(nM) 
+ IPTG 
*da(nM) 
Operator + Operator 
Kdb(\iM) *d (uM) 
WTLacI 
F161Y 
0.3+0.2 
15 ± 2.0 
6.6 ± 0.5 
23 ±2.0 
1.4 ±0.2 
0.7 ± 0.2 
10 ±1.0 
3.8 ± 0.5 
a
 K& values correspond to those measured by nitrocellulose filter binding using 
fluorescence buffer containing 0.01 M Tris-HCl, pH 7.4,0.15 M KC1. 
b
 K& values were determined by fluorescence titration. 
Table AI.6— Thermodynamic constants of F161Y 
WTLacI 
F161Y 
Operator 
-IPTG 
AGAa 
(kcal/mol) 
-13 ±0.1 
-10.7 ±0.2 
binding 
+ IPTG 
AGC 
(kcal/mol) 
-11.2 ±0.1 
-10.4 ±0.1 
IPTG 
- Operator 
AGD 
(kcal/mol) 
-8.0 ±0.1 
-8.4 ± 0.1 
binding 
+ Operator 
AGB 
(kcal/mol) 
-6.8 ±0.1 
-7.4 ±0.1 
' AG is calculated from the equation: AG = RTlni^ j (T=298K) 
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For wild-type Lad, AGi and AG2 were -53.2 and -54.2 kcal/mol (Table AI.7). The 1.0 
kcal difference between the total free energy changes for these two paths may be due to 
experimental limitations. F161Y has free energy changes for route 1 and 2 of -51.0 and 
-54.4 kcal/mol, respectively (Table AI.7). The difference in total free energy for F161Y is 
3.4 kcal, over 3-fold larger than 1.0 kcal for wild-type Lad. Note that DNA binding 
affinity for F161Y is much weaker man wild-type Lad, and the values are compromised 
by the inherent limitations for the filter binding assay when protein concentration is high. 
The experimental data for F161Y do not fully support the thermodynamic cycle is 
complete; however, alternative methods beyond the filter technique are similarly 
challenging. 
Table AI.7—Total free energy changes for F161Y 
AGia (kcal/mol) AG2a (kcal/mol) 
WTLacI -53.2 ±0.3 -54.2 ±0.3 
F161Y -51 ±0.2 -54.4 ±0.2 
a
 The total free energy change for route 1: AGi = 2AGA + 4AGB 
b
 The total free energy change for route 1: AG2 = 2AGC + 4AGD 
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AI.3 Discussion 
The hydrophobic group that forms the core pivot is located at the back of the inducer 
binding pocket. As observed from the structure, Fl61 is in the center of this group, and 
the phenyl side chain makes van der Waals contacts with most of the other hydrophobic 
side chains. Substitutions of residues in this hydrophobic cluster were undertaken to 
examine the role of this region in Lad allostery. The only residue examined thus far in 
this region is residue 161. Five single mutants at this position (F161A, F161V, F161E, 
F161Y and F161S) were generated and examined by multiple experiments. 
Introduction of nonpolar residues (F161A and F161V) at position 161 does not affect 
operator binding, whereas a polar residue (F161E, F161Y and F161S) at this site 
decreases the repressor's ability to bind operator DNA. Among the variants, F161E and 
F161S display ~6-fold weaker operator binding affinities compared to wild-type Lad. 
Notice that F161 is in the core pivot region, which is distant from the DNA binding 
domain. Thus, any decrease in operator binding affinity should arise from favoring the 
IPTG-binding conformation, and substitutions of polar residues at residue 161 appear to 
conform to this interpretation. For IPTG binding, F161A, F161V and F161E display 
slightly weaker IPTG binding, whereas F161Y and F161S have slightly increased 
affinities. Nevertheless, all F161 single mutants are within ~3-fold of the wild-type Lad 
value. Despite the similarities, polar substitution F161E has an i" phenotype, whereas 
F161Y/S displays a lower repression than wild-type Lad. The functional changes in 
opposite directions for F161 single mutants are also observed for operator release 
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properties. F161V and F161E increase the mid-point for release by IPTQ whereas F161A, 
F161Y and F161S exhibit lower values of [IPTGW 
The induction ratios for F161V, F161E and F161Y are comparable to wild-type Lad. 
However, F161A and F161S display lower values. As described earlier, a higher number 
in induction ratio indicates a potential allosteric mutant. Here, the decreased values of 
induction ratio for F161A and F161S might suggest a lower barrier to shifting toward 
inducer-bound conformation. The experimental data of F161 single mutants indicate that 
alterations at this position may influence the relative balance of conformations between 
inducer-bound and operator-bound states and/or the relative ease of moving between 
these two states. However, the stability to urea denaturation for all examined F161 single 
mutants is decreased, potentially affecting structural changes that impact their 
thermodynamic properties. Further experiments will be required to explore this 
possibility. Also, other hydrophobic residues may contribute to the "ball bearing," and 
alterations of the remaining hydrophobic side chains in this region should be undertaken 
to assess whether their role in Lad allostery is to create an energetic barrier to structural 
movement that is required to alter conformation. 
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Appendix II 
Characterization of T334C single mutant by QCM-D 
AII.l Introduction 
Quartz crystal microbalance with dissipation monitoring (QCM-D) is an 
experimental approach to measure changes in mass (at very low pico-gram levels) and 
viscoelastic properties of adsorbed materials (Rodahl et al, 1995). The surface of the 
sensor is gold coated and used as a "microbalance" to detect the properties of molecules 
immobilized on the gold. Binding of molecules to the surface film causes the changes in 
the frequency and decay of oscillation, which is correlated with the mass and viscoelastic 
characteristics of the molecules, respectively. Previous research demonstrates that this 
technique can be used to measure binding of small molecules, DNA hybridization, as 
well as cell adhesion (Hook et al, 2001; Rodahl et al, 1997; Carmon et al, 2004; Peh et 
al, 2007). 
Here, QCM-D is utilized to detect ligand binding and conformation change of Lad. 
In order to build a direct sulfur-gold linkage, a single cysteine mutant T334C was used 
(Calabretta et al, 2006). The designed substitution is engineered with a solvent-exposed 
thiol, which is important for the oriented binding of the protein to the biosensor. Previous 
study shows that wild-type Lad does not retain strong DNA binding affinity when it 
binds to gold, indicating the repressor uses its DNA binding site for gold conjugation 
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(Calabretta et ai, 2006). Importantly, this designed thiol is located at the C-terminal, 
which is distant from the N-terminal DNA binding domain and the core inducer binding 
domain (Figure AII.1). Thus, the functional domains of Lad are not obstructed by 
immobilizing the protein to the surface of the sensor. The objective of this research is to 
explore the applicability of QCM-D in detection of ligand binding and ligand-induced 
conformational change of Lad. The experimental results presented herein are merely for 
observation on mass change, and the parameter for viscoelastic property is not included. 
DNA ^*^* Y 
Core inducer 
binding domain 
Tetramerization 
domain 
J DNA binding 
domain 
Inducer 
binding site 
B 
Figure AII.l: Crystal structure of tetrameric Lad showing the position of the T334C 
mutant (pdb file llbg, Lewis et al, 1996). (A) In the left dimer, different colors show the 
three main parts of Lad (red, DNA binding domain; cyan, core domain; green, 
tetramerization domain); two monomers are displayed in distinct colors (blue, gray) in the 
right dimer. Operator DNA is shown in gray. (B) Detailed view of C-terminal 
tetramerization domain with the four monomer backbones in different colors. The position 
of threonine 334 is shown in magenta space filling. The position 334 was chosen for the 
cysteine mutation since it is solvent exposed and distant from both the inducer binding site 
and the DNA binding sites. 
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AII.2 Results 
AII.2.1 Wild-type Lad as a control 
First, wild-type Lad is used as a control to test if this technique is applicable. 
Following binding of wild-type Lad to the gold surface, a dramatic change in mass is 
detected (Figure AII.2). However, there is little change in mass in response to operator 
DNA and a high concentration of IPTG The results affirm that wild-type Lad binds to 
gold through its DNA-binding domain, since the repressor cannot bind to DNA under this 
condition. However, wild-type LacI could still be able to bind IPTG, but the mass of 
IPTG appears too small to observe. 
• • - , , i — - , — , — , — , — , — - j . — , — i — . — i — i — i — 
0:00 30:00 1:00t00 1:30:00 £00:00 23000 
Time (teircs) 
Figure AII.2: Experimental results of wild-type LacI binding to O1 and IPTG The 
concentrations used in the assay are wild-type LacI, 400 nM; DNA, 950 nM and IPTG, 1 
mM. Multiple samples are shown in different color shades. The lines in blue tone 
represent the change in mass during the process of the experiment. 
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AII.2.1 T334C single mutant 
The single mutant T334C is expected to bind the biosensor with a specific orientation 
since a solvent-exposed cysteine is introduced for each monomer. Here, changes in mass 
are observed following the binding of the repressor to the surface, the operator O1 to the 
repressor and IPTG to the repressor (Figure AII.3). The latter is presumably due to 
release of the operator DNA from the repressor. The data demonstrate that immobilized 
T334C can bind operator DNA and IPTG, and the pattern of mass change is consistent 
with the expectation. Thus, the results of QCM-D confirm mat T334C binds to gold by 
forming a cysteine-gold covalent bond since this mutant can perform its normal function. 
Figure AII.3: Experimental results of T334C binding to O1 and IPTG The 
concentrations used in the assay are T334C, 400 nM; DNA, 950 nM and IPTG, ImM. 
The lines in blue tone represent the change in mass during the process of the 
experiment. 
In addition to the natural operator O and inducer IPTG, other ligands that bind to 
Lad were investigated as well. For the operator, a symmetric operator (Osym) and a 
nonspecific DNA sequence (Ons) were utilized. The Osym sequence was shown to bind 
Lad ~ 10-fold tighter than O1 (Salder et al, 1983), whereas the Ons is expected to have a 
weak binding affinity. For the effector, the anti-inducer ONPF was used. Compared to the 
diminished DNA binding affinity in response to IPTG binding, the affinity for DNA is 
increased following ONPF binding (Jobe and Bourgeois, 1973). 
Consistent with our anticipation, the mass change following ONPF binding to the 
repressor T334C is limited, indicating that the operator DNA is not dissociated from the 
protein (Figure AII.4). With IPTG addition, a change in mass is observed, suggesting the 
release of DNA from the repressor. 
For alternative operator sequence, the experimental results of using Osym are 
comparable to those using O1 (Figure AII.5). The theoretical 10-fold difference in DNA 
binding affinity cannot be easily distinguished since QCM-D only detects the change in 
mass and viscoelasticity. For the nonspecific DNA sequence, the data do not suggest any 
binding between T334C and Ons (Figure AII.6). 
In summary, QCM-D is a feasible and efficient method to detect ligand binding and 
reflects binding of DNA as well as the release of DNA in response to the conformational 
change elicited by inducer. Exploration of more interesting mutants {e.g. D149C/S193C, 
V150C/V192C and S151C/V192C) by using this technique is expected to facilitate our 
understanding the relationship between structure and function in Lad. 
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T334C 
Figure AII.4: Experimental results of T334C binding to O1 as well as ONPF and 
IPTG The concentrations used in the assay are T334C, 400 nM; DNA, 950 nM; 
ONPF, 1 mM; IPTG, 1 mM. The lines in blue tone represent the change in mass 
during the process of the experiment. 
Figure A1I.5: Experimental results of T334C binding to Osym as well as ONPF and 
IPTG The concentrations used in the assay are T334C, 400 nM; DNA, 950nM; ONPF, 1 
mM; IPTG, 1 mM. The lines in blue tone represent the change in mass during the process 
of the experiment. 
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Time (hrrrcs) 
Figure AIL6: Experimental results of T334C binding to O"5 as well as ONPF and 
IPTGThe concentrations used in the assay areT334C, 400 nM; DNA, 950 nM; ONPF, 
1 mM; IPTQ 1 mM. The lines in blue tone represent the change in mass during the 
process of the experiment. 
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